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SECTION 1.
PRBVU'Ta .
The Buiihv .-Id Ignoour.  Complex, tho uourc«- o f  o r e  j . occncod f o r  c o p p e r - n i c k e l  
r e c o v e r y  l i c c  i n  the  T r a n s v a a l  p ro v in c e  o f  th e  K epub l ic  o f  South  A f r i c a *  Tne 
c h i e f  c o n s t i t u e n t  o f  the  v a a t  oreboiiy  i s  m a g n e t i t e  a o s o c i a t e d  w i t h  t i t a n i u m  d i ­
o x id e  and i n  Esome p a r t s  w i t l  vanadium o x i d e , In  the  Lydonburg and  R u e ten b u rg  
a r e a s  i t  c o n t a i n s  a l u o  r i c h  d e p o s i t s  o f  p l a t i n u m  g roup  m e t a l s  accom panied  by 
c o p p e r |  n i c k e l i  s i l v e r  and g o l d .  In  t h e s e  d e p o s i t s  th e  m a jo r  gangue m i n e r a l s  
a r e  i n  t h e  form o f  p y r o x e n e , f e l d s p a r  and b i o t i t e ,  w h i l e  the  b a se  m e ta l  s u l p h i d e  
m i n e r a l s  o c c u r  a s  c h c l c h o p y r i t e , p e n t l a n d i t e  and p y r r h o t i t e *  The p l a t i n u m  
g ro u p  m e t a l s  can  be a s s o c i a t e d  e i t h e r  w i t h  t h e  m e  m e ta l  s u l p h i d e s  o r  o c c u r  
i n  t h e  form o f  v a r i o u s  m i n e r a l s ,  l i k e  b r a g g i t e ,  c o o p e r ! t e ,  l a u r i t e  o r  f e r r o  -  
p l a t i n u m  ( 1 ) .  S i m i l a r  a s s o c i a t i o n  be tween  c o p p e r - n i c k e l  s u l p h i d e s  and  PGM 
( p l a t i n u m  g ro u p  m i n e r a l s )  i s  found  i n  t h e  LSudbury d i s t r i c t  o f  Canada and  th e  
N o r i l 1 s k - T a l n a k h  a r e a  o f  th e  UL3CK,
There  a r e  a  number o f  l a r g e  m in in g  companies  engaged in  t h e  p r o c e s s i n g  o± 
t h e  p l a t i n u m  g ro u p  m ine ra l r ;  i n  the  Hi’p u b l i c ,  the  b y p r o d u c t s t though  v e r y  v a l u ­
a b l e  a s s e t s  t o  th e  economy o f  th e  o p e r a t i o n  b e i n g  c o p p e r  and n i c k e l .  The o r e  
i s  t r e a t e d  by g r a v i t y  and f l o t a t i o n  p r o c e s s  and th e  c o n c e n t r a t e  i s  s m e l t e d  t o  
m a t t e  m o s t ly  i n  e l e c t r i c  f u r n a c e s .
E lec t ro therm al  v s .  r e v e rb e ra to ry  s m e l t i n g  o f  c o n c e n t r a t e  c o n t a i n i n g  c o p p e r  
and n i c k e l .
Ac f o r  an  example to  the  t r e n d  o f  d eve lopm en ts  i n  s m e l t i n g  o f  t h e  o r e  i n  
t h e  K epub l ic  o f  Couth A f r i c a  on#? o f  th e  m in ing  com pan ies ,  The K u s t e n b u r g  P l a ­
t inum Mines L td .  in  i t s  e a r l y  s t a g e  o f  o p e r a t i o n  t r e a t e d  th e  c o n c e n t r a t e s  
s o l e l y  i n  b l a s t  f u r n a c e s  ( 2 ) .  I t  became a p p a r e n t  t h a t  t h e  b l a s t  f u r n a c e  
s m e l t i n g ,  a p a r t  from b e i n g  l a b o u r - i n t e n s i v e ,  r e q u i r e d  a l e o  l a r g e  amounts  o f  
coke th e  p r i c e  o f  which has  i n c r e a s e d  r a p i d l y  i n  r e c e n t  y e a r s .  A n t i p o l l u t i o n  
laws i n t r o d u c e d  by th e  Government added f u r t h e r  to  tho p roblems o f  b l a s t  f u r n a c e  
o p e r a t i o n  p r o d u c in g  exc' . ' tmive volume o f  g a s e s  o f  low s u lp h u r  d i o x i d e  c o n t e n t «
In  an  i n U n n i .  e x p a n s io n  programme, i n i t i a t e d  by the  worldwide  i n c r e a s e d  
demand f o r  p l a t i n u m  m e ta l  and a l : ’o f o r  c o p p e r  and n i c k e l ,  th e  Company d e c i d e d  to  
i n t r o d u c e  e l e c t r i c  s m e l t i n g .  The main r e a s o n s  beh ind  t h i s  c h o i c e ,  which may be 
r e g a r d e d  a s  p r o b a b ly  f a i r l y  t y p i c a l  a l s o  t o  ' h e  m o t i v a t i o n  o f  o t h e r  com panies
a c t i v e  i n  t h e / . , «
a c t i v e  i n  t h e  B^me l i n e  i n  t h i n  c o u n t r y  were o b v i a t e d  by two f a c t s i  a . )  the  
h i g h  magnesium o x id e  c o n t e n t  o f  Iho c o n m i i t r a t e a  l e a d i n g  to  r e l a t i v e l y  h i g h  
o p e r a t i n g  te m p e ra  Lures and L . ) th e  f a v o u r a b l y  low power c o s t s  i n  t h e  H epub l ic  
o f  S o u th  A f r i c a ,  a t  p r e s e n t  a b o u t  R 0 ,0 4 b  t o  0 ,0 5  (0 ,0 7  -  0 , 0 / /  / )  p e r  kwh.
As an  a l t e r n a t i v e  t o  the  e l e c t r i c  f u r n a c e , th e  t r e a t m e n t  ' f  t h e  con  -  
c e n r a t e  c o u ld  a l s o  be c a r r i e d  o u t  i n  r e v e r b e r a t o r /  f u r n a c e s .  However,  t h e  
d i s a d v . m t a g e  r e f e r r e d  t o  above i n  c o n n e c t i o n  w i th  b l a s t  f u r n a c e  / i s e s ,  nan.el./  
t h e i r  l a r g e  q u a n t i t y  and low 0 0 ^ c o n t e n t ,  a p p l i e d  a l s o  t o  t h e  g a s e o u s  p r o d u c t s  
o f  r c v e r b c r a t o r y  s m e l t i n g .  The hOg c o n t e n t  on in ve ragc  i s  1 t o  2 p e r  c e n t ,  
a  r a t h e r  low v a l u e  f o r  any  k in d  o f  economic c o n s i d e r a t i o n s .  The e l e c t r i c  
f u r n a c e  g a s e s ,  on the  o t h e r  h a n d , may c o n t a i n  ao h ig h  a s  to  4»0  p e r  c e n t  
SO which  can be r e g a r d e d  a l r e a d y  a s  e c o n o m i c a l l y  a i t r a c t i v e  f o r  example  f o r  
s u l p h u r i c  a c i d  p r o d u c t i o n .
P u r  th e r m o r e ,  th e  t e m p e r a t u r e  o f  the  com bus t ion  g a s e s  i n  a  r e v e r b e r a t o r /  
f u r n a c e  i s  h i g h ,  a round  1000  -  1?0C°C and t h e  l u c r a t i v e  o p e r a t i o n  o f  t h e  u n i t  
n e c e s s i t a t e s  th e  r e c o v e r y  o f  s e n s i b l e  h e a l  In t h e  form o f  s team  i n  waste h e a t  
b o i l e r s .  These  b o i l e r s  p roduce  a b o u t  4 t o n s  o f  s team  p e r  ton  o f  c o a l ,  o r  i n  
c a s e  o f  o i l  f i r i n g ,  5 t o n s  s team  p e r  ton  o f  o i l .  With e l e c t r i c  f u r n a c e s  th e  
w a s te  h e a t  r e c o v e r y  does  n o t  c o n s t i t u t e  any  p a r t i c u l a r  p roblem s i n c e  t h e  tem­
p e r?  t u r e  o f  g a s e s  seldom e x ceed s  bOO°C and u n d e r  normal c i r c u m s t a n c e s  i t  i s  
r a t h e r  be low t h i s  f i g u r e ,  The lo w er  t e m p e r a t u r e  and s m a l l e r  q u a n t i t y  o f  t h e  
f u r n a c e  g a s e s  p e r m i t s  e f f e c t i v e  c l e a n i n g  w i t h  C o t t r e l l  e l e c t r o s t a t i c  p r e  -  
c i p i t a t o r s  and a l s o  t h e  r e c o v e r y  o f  v a l u a b l e  f l u e  d u s t  u s u a l l y  h i g h  i n  PGM.
Next p o i n t  to  the  a d v a n ta g e  o f  e l e c t r i c  s m e l t i n g  above i t s  r e v e r b e r a t o r y  
c o u n t e r p a r t  i s  t h e  i n t r i n s i c  v e r s a t i l i t y .  W i tn ess  t c  t h i s  i s  t h e  w or ldw ide  
s p e c t a c u l a r  e x t e n s i o n  o f  m a t t e  s m e l t i n g  f u r n a c e s  to  th e  r e d u c t i o n  o f  n i c k e l  
and c o p p e r  o x i d e  b e a r i n g  o r e s  and the  r e c o v e r y  o f  copper  v a l u e s  from s l a g s .  
K qu n l ly  i m p o r t a n t  i s  the  v e r s a t i l i t y  o f  t h e  f u r n a c e  o p e r a t i o n  p r o p e r .  Ad­
j u s t m e n t  o f  c u r r e n t  to changes  i n  m a t e r i a l  f low r a t e s  may be e f f e c t a i m o r e  
r a p i d l y  and th e  r e s p o n s e  o f  the  u n i t  to  t h e s e  changes  ( t h e  a c t i o n  o f  t h e  
e l e c t r o d e s  may be l i k e n e d  to  t h a t  o f  a submerged b u r n e r )  i s  c o n s i d e r a b l y  f a s t e r  
than  th e  r e s p o n s e  o f  th e  r e v e r b e r a t o r y  to  a l t e r a t i o n s  made t o  i t s  f u e l  b u r n e r s ,  
hue c h i e f l y  to  t h e s e  r e a s o n s  the  p r o s p e c t  o f  c o n t r o l  and a u t o m a t i o n  o f  an 
e l e c t r i c  f u r n a c e  i s  c o n s i d e r a b l y  enh an ced .
O b v i o u s l y ,  in comparing f u r n a c e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  and
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s u i t a b i l i t y  o f  t h e  t y p e  to  be uc^d i n  a  g iv e n  p r o c e e a ,  the  c h a r a c t e r  o f  th e  
raw m a t e r i a l  and t h e  p u rp o s e  o f  th e  o p e r a t i o n  p r o p e r  a m  e q u a l l y  i m p o r t a n t  
f a c t o r s  and  u h o u ld  t h e r e f o r e  be c o n n ;d e r e d  t o ^ o t h e r .  In  the  p ro c e s e  o f  o r e  
c o n c e n t r a t i o n  f o r  th e  r e c o v e r y  o f  p l a t i n u m  g roup  m i n e r a l s  th e  o re  h a s  t o  be 
s t r i p p e d  o f  e v e r /  c o n c e i v a b l e  m e ta l  v a l u e  i n  o r d e r  t o  have t h e  maximum r e  -  
c o v e r y  o f  t h e  PGM v a l u e s  e n n u r e d .  C o n s e q u e n t ly ,  th e  c o n c e n t r a t e  w i l l  have a  
c o m p l e t e l y  d i f l \  r e n t  c o m p o s i t i o n  from t h a t  c h a r a c t e r i s t i c  o f  th e  p r o d u c t s  o f  
c o n v e n t i o n a l  o r e  d r e s s i n g  a im in g  p u r e ly  a t  the  p r o d u c t i o n  o f  c o p p e r  and n i c k e l *  
With  t h e  r e c o v e r y  o f  t'C.M ao a  main o b j e c t i v e  a l e a n  c o n c e n t r a t e  i s  o b t a i n e d  t h e  
gangue  m a t e r i a l  c o n t e n t  o f  which in  h i g h ,  g r e a t e r  th a n  00 p e r  c e n t .  Asa r e s u l t ,  
t h e  g r a d e  o f  thu  e l e c t r i c  fv.rr.acv m a t te  w i l l  be low. Tab le  I -  1 b ased  on R e f . 2 
i l l u s t r a t e s  t h e s e  p o i n t n .
Sme2 i n g  a  c o n c e n t r a t e  w i th  such  a  l a r g e  amount o f  gangue m a t e r i a l  
r e s u l t s  i n  s l a g  c o m p o s i t i o n s  a l s o  v a s t l y  d i f f e r e n t  from th o s „  e n c o u n t e r e d  i n  
s m e l t i n g  o p e r a t i o n s  m ^ s u e d  f o r  c o p p e r - n i c k e l  r e c o v e r y  o n l y .  With t h e  s l a g  
c o m p o s i t i o n  shown i n  th e  t a b l e  a  c o n s i d e r a o l e  i n c r e a s e  i n  s l a g - m a t t e  r a t i o  
can  be a n t i c i p a t e d  w hich  i n  p r a c t i c e  i s  i n  th e  ra n g e  o f  4 , 0 - 4 , 5  t o  i  a s  com­
p a r e d  w i t h  t h e  a v e r a g e  r a t i o  1 , 0 - 1 ,5  t o  1 o b t a i n i n g  i n  r e v e r b e r a t o r ) -  f u r n a c e s .  
T h e r e f o r e  i n  e l e c t r o  t h e r m ic  M e l t i n g  the  s l a g  h id  w i l l  be much d e e p e r .  The 
d e e p  bed i s  a d v a n t a g e o u s  f o r  an e f f e c t i v e  s l a g - m a t t e  s e p a r a t i o n  and i t  i s  
e a s y  to  r e a l i s e  t h a t  w i t h  th e  type  o f  c o n c e n t r a t e  h a n d le d  t h e  lo w e r  r . l a g -  
m a t t e  r a t i o  o f  t h e  r e v e r b e r a t o r y  would cau se  the  s l a g  to  f lo w  a t  a b o u t  tw ic e  
a s  h i g h  v e l o c i t y  an i n  th e  e l e c t r i c  f u r n a c e .  As a  r e s u l t  t h e  a n t i c i p a t e d  m a t t e  
l o s s e s  a t  t h e  same r a t e  o f  p r o d u c t i o n  would a l s o  be a lm o s t  d o u b le d .
An e s s e n t i a l  d i f f e r e n c e  be tween th e  two p r o c e s s e s  i s  ' h e  s o u r c e  o f 
h e a t  and the  way i t  i s  t r a n s f e r r e d  i n  th e  m e l t .  I n  a  f u e l - ^ a t e d  r e v e r b  
f u r n a c e  t h e  h e a t  t r a n s f e r  from thm im p in g in g  flame i s  v i a  t h e  c h a r g e ,  s  a g  
and  m a t t e ,  t h a t  i s  from the  to p  to  th e  bo t tom  z o n e s .  In  t h e  e l e c t r i c  f u r n a c e  
where  t h e  h e a t  i n  g m e r a t e d  by t h e  e l e . t r i c  c u r r e n t  th ro u g h  th e  r e s i s t i v i t y  
o f  t h e  n l a g ,  th e  h r a t  produred u n d e r  t h e  e l e c t r o d e  i n  t h e  p a th  o f  th e  
c u r r e M .  T h e r e f o r e  the  p r e f e r r e d ,  though n o t  n e c e s s a r i l y  e x c l u s i v e  d i r e c t i o n  
o f  h : a t  f lo w  in  from th e  bo t tom  /o n e  t o  t h e  t o p .  In  an e l e c t r i c  f u r n a c e  t h e r e  
a r c  no co m b u s t io n  g a s e s ,  t h o s e  produced  o r i g i n a t e  o n l y  from c h em ica l  r e a c t i o n s  
i n c l u d i n g  t h e  o x i d a t i o n  o f  the  e l e c t r o d e s  by the  c h a r g e .  The h e a t  b a l a n c e  i n  
th e  two ty p e s  o f  fu r n a c e  d i f f e r s  c o n s i d e r a b l y .  M s e d  on a v a i l a b l e  l i t e r a t u r e  
d a t a  t h i n  „ „ p „ r t  in  e x o m p l i r W  i n  T ab le  I -  2 .  " - t  r e c o v e r y  i n  t h e  w a s te
h e a t  b o l l r r  o f  re v e rb e ra to ry  f u r n a c e s  f o r  t h e  c a s e  o f  d ry  c o n c e n t r a t e  i s
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Table I -5. Furnaoo character .tics and o]" rating data.
Size  o f  fu rnace  in s id e  b r ick  work, leng thxw id ihxheigh i , m 26x7x4,5
Diameter o f  e l e c t r o d e s ,  m 1,25
E lec t rode  d i s t a n c e  c en t re  to c e n t r e , m 5,4
Transformers th ree  s in g le  phase , r a t i n g  of each MVA 6,5
Secondary vo l tages  v a r i a b l e  by on-load tap  changers ,  V 17° to  550
Maximum power MW 19,5
Maximum e le c t r o d e  c u r r e n t ,  kA 52,4
Tota l  bed depth m 2 , 1- 2 ,5
S lag  depth m 1 , 5 - 1 ,6
Matte depth m 0 ,7 -1 ,0
Taphole l o c a t i o n ,  meter ,  from bottom o f  furnace 1 ,56 ,  1,76
S lag  tapp ing  s con tinuous ,  temperature  °C 152o ) -1580
Matte tappings i n t e r m i t t e n t ,  temperature C 1100 -1200
Typical  o p e ra t in g  da ta
Power MW 18,5
Current  kA U 5 - 1 8 ,5
cos *f 0 ,98
M a te r ia l s s  concen tra te  ( p e l l e t s ) t / h 18
t o t a l  charge t / h 25
c o n v er te r  r e tu r n  s l a g t / d 90-110
furnace s l a g t / h 21
furnace  matte t / h 4 ,5
Temperature s s l a g  out °C 1550
matte  out ♦1 1180
Ration s s lagsm at te 4 ,6 :1
slogs concen tra te 1 , 1:1
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a r o u n d  40 p e r  c e n t  o f  the  h e a t i n g  v a l u e  o f  th e  f u e l  b u r n e d , When o p e r a t i n g  
w i t h  d i r e c t  s m e l t i n g  o f  wet c o n c e n t r a t e : ; , the  r e c o v e r y  i s  h i g h e r ,  am oun t ing  
to  s o m e t h in g  o f  t h e  o r d e r  o f  ‘j l  pe r  c e n t  o f  the  f u e l ' s  h e a t i n g  v a l u e » l o r  
t h e  c a s e  o f  the  p e l l e t s  c h a rg ed  i n t o  t h e  e l e c t r i c  f u r n a c e s  c o n c e r n e d ,  a  f i g u r e  
o f  42  t o  43 p e r  c e n t  i s  a r e a l i s t i c  v a l u e  and wan used i n  the  c a l c u l a t i o n  o f  
t h e r m a l  e f f i c i e n c i e s .  Hy th e  i n d i c a t i o n  o f  the  r e s u l t s  even w i th  w as te  h e a t  
r e c o v e r y  th e  th e rm a l  e f f i c i e n c y  o f  the  r e v e r b o r a t o r y  f u r n a c e  i s  much lo w e r  
t h a n  t h a t  o f  the  e l e c t r i c  f u r n a c e s .
Scope o f  the  p r e s e n t  work.
The e l e c t r i c  f u m a c e s  i n s t a l l e d  a t  Hus t e n b u r g  P la t i n u m  Minos L td  wore
c h o se n  au "model” o r  " r e f e r e n c e  f u r n a c e s "  and a s  such s e r v e d  f o r  b a s i s  o f  the
i n v e s t i g a t i o n s ,  ih e ix  d e t a i l e d  d e s c r i p t i o n  in  g iv en  in  th e  l i t e r a t u r e .  ( 2 ) .  
The main f u r n a c e  c h a r v  f e r i s t i . c n  and o p e r a t i n g  d a t a  r e l e v a n t  to  t h i s  s t u d y  
a re  com pi led  i n  T a b le  1 -  3 w h i le  f i g u r e  1 - 1 . )  I l l u s t r a t e s  t h e  e l e c t r o d e  g e -  
o m e t ry  o f  th e  u n i t s .  In  a  b r i e f  nummary the  s m e l t i n g  o p e r a t i o n  t r e a t s  a
f l o t a t i o n  c o n c e n t r a t e  which in  a lo w -g r ad e  b a se  m e ta l  c o n c e n t r a t e  o f  h i g h
MgO c o n t e n t .  The c o n c e n t r a t e  i s  d r i e d  then p a l l e t i s e d  on d i s c  p e l l e t i z e r s .
The o e m i - d r i c d  p e l l e t s ,  c o n t a i n i n g  a b o u t  % p e r  c e n t  m o i s t u r e  a r e  b le n d e d  w i th  
f lu x e s  ( c o n s i s t i n g  o f  l ime s to n e  and o c c a s i o n a l l y  i r o n  o r e )  and a r e  choke-fed  
a lo n g  the s i d e - w a l l s  o f  th e  fu rn r .ee .  The f e e d i n g  t o  each  e l e c t r o d e  i s  c a r r i e d  
o u t  by manual c o n t r o l .  The fu r n a c e  i s  r e c t a n g u l a r  w i t h  6 - i n - l i n e  e l e c t r o d e s  
c o n n e c t e d  in  p a i r s ,  e ach  p a i r  s u p p l i e d  by a  s e p a r a t e  t r a n s f o r m e r  from a s i n g l e -  
p h a se  o f  a  t h r e e - p h a s e  s y s t e m .  In t h e  p r o c e s s  o f  s m e l t i n g  th e  c o n c e n t r a t e  
s e p a r a t e s  i n t o  two phar.es,  s l a g  and m a t t e ,  The s l a g  i s  t a  ped c o n t i n u o u s l y ,  
t h e  r a t t e  i n t e r m i t t e n t l y .  T h i s  i s  c a n t  i n t o  moulds f o r  f u r t h e r  p r o c e s s i n g  
w hile th e  s l a g  i s  g r a n u l a t e d  w ith  w a t e r  and d i s c a r d e d .  The c o n v e r t e r  s l a g  
o b t a i n e d  from th e  b low ing  o f  the  f u r n a c e  m a t te  i s  r e t u r n e d  to  t h e  e l e c t r i c  
f u r n a c e  f o r  the  removal  o f  e n t r a p p e d  m a t t e .  Hy v i r t u e  o f  i t s  FeO and S1(L 
c o n t e n t  i t  a l s o  eo -v en  a r  a  c o n d i t i o n i n g  a g o n t  f o r  th e  e l e c t r i c  f u r n a c e  s l a g .
Thus the  r o l e  o f  the  e l e c t r i c  f u r n a c e  i s  1 . )  ' o  m e l t  t h e  c o n c e n t r a t e ,
2 . )  t o  r e c o v e r  moat o f  the  m a t t e  e n t r a p p e d  in  the  c o n v e r t e r  s l a g  by way o f  
p h y a l c a l  and c h em ica l  i n t e r a c t i o n  w i th  the  f u r n a c :  o l a g a n d  ) . )  t o  s e p a r a t e  
t h e  produced m a t t e ,  c o n t a i n i n g  th- v a l u a b l e  me t a l l i e s ,  from th e  s l a g .  In  a 
t r u e  tionno i t  i s  by no mear.n a  submerged a r c  f u r n a c e  s i n c c ^ a p a r t  from m i c r o -  
a r c n ,  no r e a l  a r c i n g  ta k en  p l a c e  i n  th e  u n i t s .  C o n n r q u e n t ly ,  th o  m a t t e  
s m e l t i n g  fu r n a c e  o p e r a t e s  a t  s u b s t a n t i a l l y  l o w -  t e m p e r a t u r e s  t h a n  t h o s e
nl  ; 1 111 n/v n r m m r i  t h e / .  . .
- 5 -
o b t a i n i n g  a r o u n d  Lhv t i p s  o f  Lhn r j l c n t r o f c  i n  a  t r u e  Bubir.oj-ged-arc f u r n a c e .
As f o r  a  b a n i c  d i f f e r e n c e  between the u i - . r a t i o n  o f  tho two th e  p o s i t i o n  o f  
t h e  e l e c t r o d e  i n  cauo o f  the  matt** 1 t i n / '  f u i n a c e c  in  a lways  w e l l - d e f i n e d  
i n  t h e  f l a g  b e d , w h i l e  t h e  exac t  c '» c t r o d e - r l a ^  r e l a t i o n s h i p  i n  t h e  submerged, 
a r c  f u r n a c e  i . '  n o t  known. Tho hcvtt in t h e  f u r n a c e  in  g e n e r a t e d  by t n e  c u r r e n t  
u a s c i n ^  t h r o u g h  th e  ula^; a c c o r d i n r  to  t h e  1 H fo r m u la ,  th u s  t h e  r e e i s t i v i t y  
o f  t h e  B lag  i s  o f  prim'* iraportar.c- '  i n  th e  o v e r a l l  e f f i c i e n c y  o f  t h e  o p e r a t i o n .
As a  c o n t r o l  p a r a m e t e r  i t  otipui.-i*.eu t h e  d i s t a n c e  be tween t h e  e l e c t r o d e  and 
m a t t e  s u r f a c e  a n d , c o n r c q u e n t l y , i t  s e r v e s  a l s o  a s  a  dewign p a r a m e t e r  i n  t h e  
e l e c t r o d e  g e o m e t r y .  To th l / .  . f f .  c.t the  p o s i t i o n  o f  the  e l e c t r o d e  in  t h e  m e l t
dt: tc?rminef’ t h e  mode o f  t:( »t d j :s n i p a t i o n  which ,  on the  o t h e r  h a n d ,  g i v e s  t h e
Bm" 1 t i n , ;  a r e a ,  i n  o t h e r  worm, t h e  d e p th  ( a s  w e l l  a s  w id th )  o f  t h e  bed p r o p e r .
Ab r e g a r d s  t h e  e l e c t r i c a l  n ' - f i c i e n c y ,  a  d e e p e r  s l a g  l a y e r  i s  a d v a n ta g e o u s  i n
t h a t  i t  p e r m i t s  th e  uiu ,-f h i g h e r  v o l t a g e ,  lo w er  amperage a n d ,  t h e r e b y  a  
h i g h e r  power f a c t o ,  cru. a t t a i n e d .  S in c e  t h e  d e p th  o f  the  m o l te n  s la g  l a y e r  
i a  d e c i s i v e  a l s o  it, .if t i l i n g  o f  th e  m a t t e  p a r t i c l e s  s e p a r a t e d  from t h e  con­
c e n t r a t e ,  t i e  e l e c t r . ' ( K  p o s i t i o n  s e t  by the  r e s i s t i v i t y  o f  t h e  s l a g  h a s  an 
i m p o r t a n t  b e a r i n g  if. "he whole economy o f  the  f u r n a c e  o p e r a t i o n .
Fro.r. the  r; - I t i n g  e f f i c i e n c y  p o i n t  o f  view the  v i s c o s i t y  o f  t h e  s l a g  
i s  an e q u a l l y  im>.c. 'tant f a c t o r  bo th  in  r e v e r b e r a l o r y  and i n  e l e c t r i c  f u r n a c e  
o p e r a t i o n ,  i t  e f f e c t s  th e  f low q u a l i t y  o f th e  m elt a n d ,  a s  such , a ls o  the  
s e t t l i n g  o f  the  r .a t te  th ro u g h  the  m o l ten  bed o f  s i n g .  U n f o r t u n a t e l y  th e  
a c t i o n  o f  t h -  - two most  im p o r t a n t  n l a g  p r o p e r t i e s  i s  o p p o s in g ,  i . e .  i n c r e a s i n g  
c o n d u c t i v e :  ■- a r e  a s s o c i a t e d  ’ th  d e c r e a s i n g  v i s c o s i t i e s .  Thus w h i l e  t h e  
o ecreH iv  ir. i n d u c t i v i t y  ( i . e .  i n c r e a s i n g  r e s i s t i v i t y )  would be b e n e f i c i a l  
fo r  th e  T, " t i n g  o f  th e  s l a g ,  the  s i m u l t a n e o u s  i n c r e a s e  i n  v i s c o s i t y ,  due to  
i t s  d e t r i r / . - n t a l  i m p l i c a t i o n s  i n  m a t te  s e t t l i n g ,  t e n d s  t o  d i m i n i s h  t h e  g a m  
t h a t  w o / .d  ensue  from the  i n c r e a s e  o f  t h e  r e s i s t i v i t y .
The t h i n )  f a c t o r  i n  the  l i n e  o f  e q u a l  im por tance  i s  t h e  l i q u i d u s  
teu.f. l a t u r o  o f  tnn n l a g .  Prom the  s t a n d p o i n t  o f  p r o c e s s  economy t h i s  s h o u ld  
L  a s  low u» I ^ m i e  to  d i m i n i s h  r a d i a t i o n  l o s s e s .  The s i g n i f i c a n c e  o f  low 
l l q u i d u , ,  c r a t u r e , ,  i n  even  g r e a t e r  i n  t h a t  they  d e c r e a s e  l i n i n g  w ear  and
c o u ld  b r i n g  a b o u t  r a t h e r  im p o r t a n t  s a v i n g s  i n  c o s t l y  r e f r a c t o r i e s .
In  e v e r y  e l e c t r i c  smelt ing  p r o c e s s  t h e r e  i s  a  s l a g  o f  a  g i v e n  com- 
p o o l t i o n  r a n g e  which i s  b e s t  s u i t e d  fo r  optimum o p era tio n  e f f ic ie n c y  by 
v i r t u e  o f  i t s  p h y s i c a l  c h a r a c t e r i s t i c s .  The p r e v i o u s  l i n e  o f  t h o u g h t  amply
i l l u s t r a t e s  t h e / , . .
i l l u s t r a t e s  t h e  s i / ^ i i l ' i c a n c n  o f  the  knowledge o f  t h e s e  in ip o r t a n t  p a r a m e t e r s ,
T he re  i s  no way o f  p r e d i c t i n g  t h e o r e t i c a l l y  t h e s e  p r o p e r t i e s  from t h e  com -  
p o s i t i o n  o f  t h e  a f a c t ,  which w i l l  a l s o  e x c l u d e , o r  a t  l e a s  t  s t r o n g l y
d i m i n i s h ,  t h e  p o s s i b i l i t y  o f  making p r e d i c t i o n s  a s  to  the  economic f e a s i b i l i t y  
o f  an  e l e c t r i c  s m e l t i n g  p r o c e s s  w i th  the  u se  o f  a  s l a g  o f  g iv e n  c o m p o s i t i o n  
b u t  w i t h  r a t h e r  v a g u e ly  d e f i n e d  p h y s i c a l  c h a r a c t e r i s t i c s .  T h e r e f o r e  th e  
p u rp o s e  o f  an i n v e s t i g a t i o n  o f  t h i s  k in d  s h o u ld  be to e s t a o l i c h ,  a t  l e a s t  
w i t h i n  a l i m i t e d  r a n g e , th e  t r e n d  o f  change in  s l a g  b e h a v io u r  t h a t  can be 
e x p e c t e d  when th e  s l a g  c o m p o s i t i o n  w i l l  be s u b j e c t  to  a l t e r a t i o n s .
The p r e s e n t  work was u n d e r t a k e n  w i th  an o b j e c t i v e  to  i n v e s t i g a t e  t h e  
change  o f  v a r i o u c  d u g  f r o i x  r t i e s  w i th  th e  change o f  d a g  c o m p o o i t io n  r e l e v a n t  
t o  t h e  s m e l t i n g  < c o p p o r - n i c k o l  c o n c e n t r a t o r  when the  o p e r a t i o n  i o  c a r r i e d  
o u t  w i t h  t h e  main  p u rp o se  to  r e c o v e r  t h e  I'CM v a lu e o  in  r e c t a n g u l a r  f u r n a c e s  
h a v i n g  s i x - i n - l i n e  e l e c t r o d e  a r r a n g e m e n t .  The t o p i c s  s e l e c t e d  f o r  s t u d y  w ere :  
v i s c o s i t y ,  e l e c t r i c a l  c o n d u c t i v i t y  and l i q u i d u s  t e m p e r a t u r e s  o f  c o m p o s i t e  s l a g s  
h a v i n g  c o m p o s i t i o n s  which a r c  l i k e l y  t o  o c c u r  w i th  th e  change o f  t h e  type  o f  
o r e  from one d e p o s i t  to  an  o t h e r :  the  same p r o p e r t i e s  o f  c u r r e n t  p l a n t  s l a g s |  
s o l u b i l i t y  o f  m a t t e  in  th e  s l a g  and th e  d e g re e  o f  s l a g - m a t t e  s e p a r a t i o n  w i t h  
t h e  change o f  s l a g  c o m p o s i t i o n ,  s i r e  d i s t r i b u t i o n  o f  m a t t e  p a r t i c l e s  i n  t h e  
s l a g  b e d .  -  The d a t a  o b t a i n e d  wore used to  d e t e r m in e  t h e  e f f e c t  o f  s l a g  com­
p o s i t i o n  upon f u r n a c e  o p e r a t i n g  c h a r a c t e r i s t i c s  such  a s  v o l t a g e ,  c u r r e n t ,  
power,  f u r n a c e  r e s i s t a n c e  ( h e a r t h  r e s i s t a n c e ) .  V i s c o s i t y  d a t a  were  c o r r e l a t e d  
w i t h  m a t t e  s e t t l i n g  in  o r d e r  to  d e f i n e  s e t t l e r  dim ensions r e q u i r e d  f o r  optimum 
m a t t e , i . e .  m e ta l  v a l u e s  r e c o v e r y .  The p o s s i b i l i t y  o f  s l a g  o p t i m i s a t i o n  i n  
t h e  l i g h t  o f  th e  measured  v i s c o s i t i e s  and e l e c t r i c a l  c o n d u c t i v i t i e s  was examined,  
F i n a l l y ,  in  th e  p o s s e s s i o n  o f  th e  a v a i l a b l e  r e s u l t s  th e  i n v e s t i g a t i o n s  were 
e x te n d e d  or. t h e  b a s i s  o f  s i m i l a r i t y  p r i n c i p l e s  and h e a t  t r a n s f e r  c o n s i d e r a t i o n s  
toward  s c a l e - , . p  and in  g e n e r a l ,  t o  f u r n a c e  sy m m etr ie s  i n  the  f rame o f  the  
s p e c i a l  r e c t a n g u l a r  f u r n a c e  d e s i g n ,  tome th o u g h t  was a l s o  g i v e n  t o  symmetry 
r e l a t i o n s h i p s  w i t h  e l e c t r o d e s  b e i n g  a r r a n g e d  in  t , - i n - l i n e  and J - i n - e q u l  -  
l a t e r a l - t r i . i n ^ K *  cor!  ./Tu r a t  io n .
lias l e a l  l y  t h i n  s t u d y  I s  an a t t e m p t  to  a n a l y s e  th e  o p e r a t i o n  o f  an 
e x i s t i n g  u n i t  i s  the  l i g h t  o f  th e  s l a g  c h a r a c t e r i s t i c s  c o n c e r n e d .  T h a t  i s  
how v a r i o u s  p h y s i c a l  and p h y s i c o - c h e m ic a l  p r o p e r t i e s  a s  d e t e r m i n e d  i n  l a b o r ­
a t o r y  fo o tw o rk  may be a p p l i e d  to  p r e d i c t i n g  the  o p e r a t i n g  c o n d i t i o n s  o f  a 
w o rk in g  u n i t  and how they  cou ld  be used  an b a s i c  c r i t e r i a  i n  f u r n a c e  d e s i g n .  
While  c o n s i d e r a b l e  work has  been done on t h i s  l i n e  p e r t i n e n t  t o  t h r o e .  
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and e l e c t r i c  s t o o l ,  t h e  d a t a  a v a i l a b l e  i n  th e  l i t e r a t u r e  c o n c e r n i n g  n o n -  
f e r r o u s  a p p l i c a t i o n s  w i t h  p a r t i c u l a r  r v f o r o n c o  to  the  t r e a t m e n t  o f  c o p p e r -  
n i c k e l  c o n c e n t a r t e s  a r e  f a r  from b o in ^  a b u n d a n t .  The d i f f i c u l t y  a s  w e l l  a s  
Bhortcominftu i n v o l v e d  in  an a n a l y r i n  o f  t h i s  k in d  i s  t h a t  i t  has  t o  be r e ­
s t r i c t e d  to  a f a i r l y  narrow ra n g e  o f  s l a g  c o m p o s i t io n  i n  o r d e r  t o  o b t a i n  
com parab le  r e s u l t s .  O th e rw is e  the  con .par ison  can e a s i l y  be m i s l e a d i n g  o r  
even  m e a n i n g l e s s . L e t  the  p o i n t  be i l l u s t r a t e d  by the  example o f  two 
f u r n a c e s  o f  v i r t u a l l y  i d e n t i c a l  s i z e  t r e a t i n g  c o p p e r - n i c k e l  c o n c e n t r a t e s  
and p r o d u c i n g  sla^ja o f  e n t i r e l y  d i f f e r e n t  c h a r a c t e r #  R e l e v a n t  d a t a  a t e  
shown i n  Tab le  1 -4 .  In  a d d i t i o n  to  the  c o m p o s i t io n  quo ted  the  Thompson s l a g  
c o n t a i n s  some 3 to  4 p e r  c e n t  a l k a l i e s  w i th  1 -  ? p e r  c e n t  s u l p h u r .  With  
t h e  e x c e p t i o n  o f  A1 ,,0 ^ and to  a c e r t a i n  deg ree  o f  ulOg t h e r e  in  v i r t u a l l y  
n o t h i n g  coirmon be tween the  two s l a g s  and by p r a c t i c a l  c o n s i d e r a t i o n s  and 
a l s o  by t h e  r e s u l t s  o f  the  p r e s e n t  i n v e s t i g a t i o n s  n o t  much s u c c e s $ i f  any* 
c o u ld  be e x p e c t e d  w i t h  th e  Thompson s l a g  u n d e r  t h e  o p e r a t i n g  c o n d i t i o n s  o f  
t h e  l iu s te r .bu rg  f u r n a c e s .  Yet the  s l a g  i s  p e r f e c t l y  s u i t a b l e  f o r  t h e  p u rp o se  
o f  t h e  Thompson f u r n a c e ,  the  symmetr) r e l a t i o n s h i p s  and e l e c t r i c a l  d a t a  o f  
which a r e  a l m o s t  i d e n t i c a l  w i t h  t h o s e  o f  the  Hl'M u n i t s #
From t h i s  com par ison  th e  .Importance o f  t h e  c h a r a c t e r  o f  t h e  f e e d  
m a t e r i a l  becomes im m e d ia te ly  e v id e n t #  The i n d i c a t i o n  i s  t h a t  m a t e r i a l s  o f  
v a s t l y  d i f f e r e n t  p r o p e r t i e s  can bo s u c c e s s f u l l y  p r o c e s s e d  i n  t h e  same u n i t  
p r o v id e d  the  o p e r a t i n g  p a r a m e te r s  and e l e c t r o d e  g e o m e t r i e s , t h a t  i s  f o r  a  
g i v e n  e l e c t r o d e  d i a m e t e r  th e  d e p th  c f  the  s l a g  and m a t t e  beds  and  th e  d e p th  
O f  e l e c t r o d e  p e n e t r a t i o n ,  a r e  s e t  a c c o r d i n g  to  optimum o p e r a t i o n  e f f i c i e n c y .  
Fo r  th e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  the  o r e s  o r i g i n a t i n g  from t h e  Bushve ld  
Ig n eo u s  Complex th e  mode o f  f u r n a c e  o p e r a t i o n  a d ap te d  f o r  th e  r e c o v e r y  o f  PGM, 
c o p p e r  and n i c k e l  i n  the  p l a n t s  proved to  be t h e  most econom ica l#  S in c e  t h e  
g e n e r a l  a p p r o a c h  o f  t h e  p r e s e n t  s t u d y  r e s t s  on t h i s  p a r t i c u l a r  raw m a t e r i a l  
and mode o f  p r o c e s s i n g ,  the  r e s u l t s  and c o n c l u s i o n s  a r r i v e d  a t  w i l l  have  to  
be v iewed and Junked p r i m a r i l y  in  t h i s  c o n te .
Hoforenoon#
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1 . /  The r a n g e  o f  s l a g  c o m p o s i t io n  s e l e c t e d  f o r  th e  measurement o f
e l e c t r i c a l  c o n d u c t i v i t y  and v i s c o s i t y .
The s e l e c t i o n  o f  the  range  o f  s l a g  c o m p o s i t io n  was b o rn e  o u t  by 
p r a c t i c a l  c o n s i d e r a t i o n s  p e r t i n e n t  t o  the  o p e r a t i o n  o f  e l e c t r i c  f u r n a c e s  
a l r e a d y  i n  u se  f o r  t h e  s m e l t i n g  o f  c o p p e r - n i c k e l  c o n t a i n i n g  o r e s  i n  which 
p l a t i n u m  g ro u p  m e t a l s  a n -  accompanying e l e m e n t s .  I t  can bo a n t i c i p a t e d  
w i t h  r e a s o n a b l e  c e r t a i n t y  t h a t  from t h e s e  type  o f  o r e s  from th e  K erensky  
. l i e f  d e p o s i t s  h a v i n g  com parab le  c o m p o s i t io n  and s i m i l a r  m e ta l  v a l u e r , the  
p r o c e s s  o f  b e n e f i c i a t i o n  w i l l  y i e l d  c o n c e n t r a t e s  a l s o  o f  s i m i l a r  c o m p o s i t i o n  
and m e ta l  c o n t e n t s .  O b v i o u s l y ,  t h e  c o n d i t i o n s  o f  t h e i r  p r o c e s s i n g  i n  
e l e c t r i c  f u r n a c e s  s h o u ld  a l s o  b e a r  c l o s e  re sem blance  b o th  w i t h  r e g a r d  t o  t h e  
q u a l i t y  and  q u a n t i t y  o f  f l u x  to  bo u sed  and th e  p h y s i c a l  c h a r a c t e r i s t i c s  and  
c o m p o s i t i o n  o f  th e  s l a g ,  an th e  i m p o r t a n t  h e a t i n g  m ed ia ,  t o  be p ro d u c e d  i n  
t h e  most economic  way o f  f u r n a c e  o p e r a t i o n .
S i n c e  t h e  coir.por i l i o n  o f  t i e  o r e ,  t h e r e f o r e  a l s o  t h a t  o f  t h e  con -  
c e n t r a t e  v a r i e s  from l o c a t i o n  to  l o c a t i o n ,  I t  I s  o f  c o n s i d e r a b l e  a d v a n t a g e  
t o  be I n  th e  p o s i t i o n  o f  p r e d i c t i n g  the  s m e l t i n g  b e h a v i o u r  and  t h u s  t h e  
economy o f  th e  f u r n a c e  or. t h e  b a s i s  o f  e x p e c t e d  chan g es  in  t h e  c o m p o s i t i o n  
o f  t h e  s l a g ,  b e c a u s e  th e  r e s i s t i v i t y  s t i p u l a t e s  th e  h e a t i n g  c h a r a c t e r i s t i c ,  
and t h e  v i s c o s i t y  th e  m a t t e - s e t t l i n g  a b i l i t y  o f  t h e  s l a g ,  in  t h e  knowledge  
o f  t h e  e f f e c t  o f  s l a g  c o m p o s i t i o n  upon t h e s e  p a r a m e te r s  i t  w i l l  be  p o s s i b l e  
t o  p r e d i c t  t h e  n e c e s s a r y  a d j u s t m e n t s  t h a t  w i l l  have t o  be made t o  t h e  
o p e r a t i o n  o f  the  f u r n a c e  w i t h  th e  change o f  one o r  more o f  t h e  s l a g - f o r m i n g  
c o n s t i t u e n t s .  Thus f o r  example i f  th e  KeO o r  MgO c o n t e n t  o f  the  s l a g  
o r i g i n a t i n g  from t h e  s m e l t i n g  o f  o r e  from a  new o rcbody  i s  a n t i c i p a t e d  to  
i n c r e a s e  n o t i c e a b l y  above t h a t  c o n t a i n e d  i n  a  s l a g  which can  be te rm ed  a s  
e c o n o m i c a l l y  sound f o r  e l e c t r i c  f u r n a c e  p r o c e s s i n g ,  t h e  knowledge o f  th e  
r e s p o n s e  o f  v a r i a t i o n s  In  c o n d u c t i v i t y  and v i s c o s i t y  f a c i l i t a t e s  t h e  a d ­
j u s t m e n t  o f  f l u x  a d d i t i o n ,  the  e s t i m a t i o n  o f  the  q u a n t i t y  o f  now o r e  t h a t  
c an  be p r o c e s s e d  on  a  m onth ly  o r  y e a r l y  b a s e s ,  e t c .  T h e r e f o r e  t o  o b t a i n  
r e s u l t s  o f  im m edia te  , a c l . i c a l  im p o r t a n c e ,  the  ra n g e  o f  c o m p o s i t i o n  o f  t h e  
s l a g s  to  be i n v e s t i g a t e d  was s e l e c t e d  p a r t l y  so a s  t o  f o l l o w  c l o s e l y  t h o s e  
o f  th e  e l e c t r i c  s m e l t i n g  f u r n a c e s ,  c a l l e d  h l c r a f t e r  r e f e r e n c e  o r  model
T a b le  I I - l . Competi tion c f  r.lags s e le c te d  f o r  the i f r t n  work.
A• n y n t h f t i c  i ^ n r r,
Group LJlag Chemical composition
No No FoO CnO 
per  cent
MgO RiOg AlgO, B a s ic i ty
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9/12/7?  
7/12/72 
9 / l ' 7 7 ?  
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f u r n a c e s  i n  o p e r a t i o n  a t  Hl’M, In t h i n  non tax  I , f o r  a  s t a r t ,  t h e s e  d a g s  
were  r e g a r d e d  a s  s t a n d a r d  s l a g s  f o r  f u r t h e r  c o n s i d e r a t i o n s *  A s t u d y  was 
made o f  th e  s l a g  c o m p o s i t i o n  r e p o r t e d  a t  the  p l a n t , em b rac in g  a  two months 
p e r i o d  i n  197? ,  The c o m p o s i t i o n  f e l l  w i t h i n  the  f o l l o w i n g  r a n g e s :
Chem ica l  c o m p o s i t i o n ,  p e r  c e n t  
PeO CaO MgO hiO,, A l ^
14 -24 13 -  19 13-17 39 - 44 4 - 6
B a s i c i t y  R a t i o
r a t i o  CaO/MgO
CaOtKgO
tJ i0 2
0 ,69-0 ,80  0 ,9  -  1.0
Because  o f  c o n s i d e r a t i o n s  i n v o l v i n g  p l a n t  e x t e n s i o n s  w i th  new u n i t s  o p e r a t i n g  
on raw m a t e r i a l s  from new o r e b o d i t s  w i th  an  a n t i c i p a t e d  i n c r e a s e  i n  t h e  FeO 
and  MgO c o n t e n t s  o f  the  s l a g s ,  th e  r a n g e s  o f  th e  components q u o te d  i n  th e  
t a b l e  had t o  be e x t e n d e d .
The p ro p o sed  s l a g  c o m p o s i t io n s  were b ased  on g r o u p i n g  th e  FeO c o n t e n t s  
i n  t h e  r a n g e s  o f  14 ,  20 and 26 p e r  c e n t  r e s p e c t i v e l y .  The o t h e r  o x i d e s  have  
been  v a r i e d  w i t h i n  a s m a l l e r  r a n g e ,  th e  r a t i o s  b e i n g  m a i n t a i n e d  i n  a c c o r d  w i t h  
t h o s e  e x p e r i e n c e d  in  the  r e p o r t e d  range  o f  s l a g  c o m p o s i t io n  f o r  t h e  p l a n t  a s
shown i n  T a b le  I I  -  1,
I t  was c o n s i d e r e d  d e s i r a b l e  to f i x  c e r t a i n  c o n s t i t u e n t s  o f  t h e  s l a g  
i n  such  a  way t h a t  the  e l e c t r i c a l  c o n d u c t i v i t y  and t h e  v i s c o s i t y  o f  t h e  s l a g  
may be c o r r e l a t e d  w i th  one o t h e r  p aram eter ,  e . g .  b a s i c i t y  r a t i o .  F o r  example 
i n  s l a g s  1 t o  5 i n  Group I th e  FeO and KgO c o n t e n t s  have been  k e p t  c o n s t a n t  
so  t h a t  th e  v a l u -• o f  th e  p h y s i c a l  p r o p e r t i e s  o f  th e  s l a g  may be p l o t t e d  a g a i n s t  
t h e  ban t i o .  A s i m i l a r  c o r r e l a t i o n  may be o b t a i n e d  by k e e p i n g  th e  CaO
c o n t e n t  j .' o r  by m a i n t a i n i n g  a c o n s t a n t  v a lu e  f o r  th e  r a t i o  CaO/MgO.
In  th e  :■ ' r  tne  p h y s i c a l  p r o p e r t i e s  o f  th e  s l a g  may be c o r ­
r e l a t e d  w i th  the  i r o n  o x id e  c o n t e n t  by m a i n t a i n i n g  a c o n s t a n t  v a l u e  f o r  the  
b a s i c i t y  and e i t h e r  a  c o n s t a n t  v a lu e  f o r  MgO o r  CaO. T ab le  11-2 .  i n d i c a t e s  
t h e  c o r r e l a t i o n  which sh o u ld  be p o s s i b l e  between the  p h y s i c a l  p r o p e r t i e s  o f  
B lags  and the  s e l e c t e d  p a r a m e t e r s  o f  c o m p o s i t i o n .
Exper i m e n t a l . /
F i g u r e  11-1 S K C T : H  O ' *  l . \ ’ < O n 4 T O W  ’- U M  A C E  U S E D  I N  V i  S C O j I T V  -  E l . r . c r , # I C A L  C O W U C T I v r Y  T c S T S .
uool  i ng In  
w i t a r
i n  o o o l I n g  w a t a r  




S in ln pp d  » I uwl mi f u - n i o  i tub*  '* Furewico nody
? Waf.r-eoK'd ^ f f l «  6 SiC •lc*ont .
H0, t  s h i e l d  7 T he rm o ccu p le  f o r  c o n t r o l  o f
4 E l i o t r i o  l e a d ,  f o r 0 ' c ‘’ t e . p ?r . t u r .
F l f tu m  11-2 1 .  liubbcr s t o p p e r
? f AE3tenton cement hr-at n h i e l d  
) .  M u l l i t e  f u r n a c e  tube  ( 5 , 1  cm o . d . )
4» P l a t i n u m  c r u c i b l e  
b» Pt-Kh t h e m o c o u p l e
6 .  Alu?rIno coment c r u c i b l e  s u p p o r t
7 .  M u l l i t e  tube  h o l d e r  f o r  c r u c i b l e  s u p p o r t  
0 ,  Send Heal box
9 . Klangod h o l d e r  f o r  m u l l i t e  tuba
1C, Movable b a se  a t t a c h e d  t o  f u r n a c e  s u p p o r t i n g  b a r s  
11* H o ld e r  f o r  the rm ocoup le  s h e a t h  
1 ? ,  Thermocouple  n h e a th
1 ) .  P ip e  f o r  g a s  i n l e t  a t  t h e  t o p  o f  th e  f u r n a c ?
1 4 .  H p e  f o r  ga s  i n l o t  a t  t h e  bottom o f  th e  f u m a c 9
F i g u r e  I I -3  1 .  L - t u b e  manometers
2 .  Gas d r i e r  and m ixe r  tube 
) ,  3-way s t o p  cock
4 . L ine  f o r  gau i r J e t  t o  t h e  top  o f  f u r n a c e
Line  ' o r  gar, i n l e t  t c  the  bottom o f  f u r n a c e
6 .  V a r i a c  f o r  power su p p ly  to  f u r n a c e
7 .  Fu rnace
8. S i l i c o n  carb ide  he a t in g  elements
9 . Thermocouple fo r  power supply con tro l
10. Electrode  ho lder
11.  Platinum e le c t ro d e s  
1 ? .  Constant r e s i s t a n c e
13. Osci l loscope
14. Variable  r e o i tan c e  box
15. High frcqu" ,>ower genera to r
16. V a r i a b l e  i c i t o r s
17 .  Temperature reco rder

2 , /  l 'b<pori)nonl;il«
2 , 1 . Hav; n n t f - r i , i 1:: ‘’o r  coiripor.i to  nla,^::.
I n  thor.o rovif-i: c f  inv<-r;Ll/ 'at ionn i r  o r d e r  to  n i rn u la te  cor. -
d l t i o ’iu c l o s e l y  t o  t h o s e  o a L a in in t ;  tii p r a c t i c a l  f u r n a c e  o p e r a t i o n ,  the  i r o n
o x id e  had to be p r o c r n t  pr.-dominar . t ly  a.; d i v a l e n t  o x i d e ,  1 • The f e r r o u s
o x id e  was p roduced  by th e  th e rm a l  (lecomi*os.i t i o n  o f  f e r r o u s  o x a l a t e ,  F c ( COO) ^ .
211^ 0 , by h e a t i j i p  n lowly  to ''OrS \ .  i n  an  a tmospliore  o f  n i t r o g e n ,  k e e p i n g  i t  a t
<■ o
t b i d  tempo r . t txue  f o r  10- i  J, m inu te  a ,  t.uen r u i n i n g  th e  tempera  t i r e  t o  $^0-1000  C.
The h i g h  t e m p e r a t u r e  c.au;;- ti th e  o x id e  to s i n t e r  s l i g h t l y  which e f f e c t i v e l y  r e ­
duced the  Qurf. ic-'  r ^ a c t i v i  t,,- toward a i r  a f t e r  c o o l i n g . . The camples  were h e ld
a t  1 0 0 0° C f o r  a t o u t  15 m in u te s  then  c o o le d  r a p i d l y  to  a  t e m p e r a t u r e  be low
50C°C. The f a s t  c o o l i n g  was n e c e s s a r y  to  p r e v e n t  the- m a t e r i a l  from b e i n g  
t r a n s f o r m e d  i n t o  m a g n e t i t e .  The a v e r a g e  d i v a l e n t  o x id e  c o n t e n t  o f  t h e  com­
pound t h a t  co u ld  be- a t t a i n e d  by t h i s  n e t  hod v a r i e d  between 69 and  95 p e r  c e n t .
The o t h e r  o x id e  c o n s t i t u e n t s  o f  the  s l u g  were c a l c i n e d  a t  1100 C 
p r i o r  +o making up th e  s l a g  composi t i o n .  The o x id e  mix ture  v wore then  
compressed  i n t o  d i s c s  and m e l ted  down u n d e r  r e d u c i n g  c o n d i t i o n s  i n  th e  
f u r n a c e  i n  p l a t i n u m  c r u e j  b i o s .  150 g o f  m e l t s  were used  in  e ach  tos t ,  which 
s e c u r e d  adeqaaV- d e p t h  f o r  e l e c t r o d e  im mers ion ,
2 . 2 . Kcnlr/n- n t .  A . /  Itirria c e ,
ITio f u m u c e  was o f  c i r c u l a r  c r o s s - s e c  t i o n  h o u s in g  s i x  s i l i c o n  -  
c a r b i d e  h e a t i r g  e l e m e n t s  c o n n e c t ' d  i n  s c r i e s  from an a u to m a t i c  c o n t r o l  
pane l  and c a p a b l e  in  t h i s  way o f  o p - r a t i n g  a t  t e m p e r a t u r e s  up t o  1600 C.
A s c h e m a t i c  r e p r e s e n t a t i o n  i s  g iv e n  i n  f i g u r e  I I - l ,
The a n c i l l a r y  equ ipment  had to  f a c i l i t a t e  i n v e s t i g a t i o n s  to  be 
pe r fo rm ed  u n d e r  c o n t r o l l e d  a tm o s p h e r e .  Thin in v o lv e d  the  i n s t a l l a t i o n  arid 
c a l i l r a t i o n  o f  v a r i o u s  U-tutv- manometers f o r  measure  t a g  the f lo w  r a t e s  o f  
N ,  H , D ! and O ), , F o r  the  p u r p o s e  o f  i n t r o d u c i n g  genes  on th e  top  o f  the  
f u r n a c e  t u b e ,  a Ik a t  s h i e l d  c o n s t r u c t e d  o f  a s b e s t o s  cement d i s c s  was a t t a c h e d  
to  t h e  r u b b e r  p lu g  c l o s i n g  the  t u b e .  I t  wan a l s o  n e c e s s a r y  to e n s u r e  a  
com ple te  a i r  m .a l  f o r  the  bo t tom  o f  the  tube  and a l s o  f o r  th e  the rm ocoup le  
s h e a t h .  The a r r a n g e m e n t  is, shown i n  F ig u re  1 1 -2 .
D ur ing  p r e l i m i n a r y  runs  i t  became e v i d e n t  t h a t  the  r a t e a  o f  h e a t i n g
and c o o l i n g  w e r e / , . .
- 1 2  —
and c o o l i n g  were  o f  c o n s i d e r a b l e  im p o r tan c e  in  n e cu j ' in ^  t r u l y  com parab le  
c o n d i t i o n s  f o r  th> v a r i o u s  rur.:;. For the  record i r . f r  and c o n t r o l l i n g  o f  th e  
h e a t i n g  and c o o l i n g  r a t '  :; a"Hik . I 'enki"  t w o - p o i n t  t e m p e ra t u re  r e c o r d e r  
was u s e d .
The p l a t  j nun c r u c i b l e : - , 'I'j mm hi^ l i  b y  nnii wide w i th  0 , 4  inrn w a l l  
t h i c k n e s s  wore s e a t e d  or. a n i t i t e r e d  a lum ina  o r  a l t e r n n t o l y ,  f i r e b r i c k  h o l d e r  
s u p p o r t e d  by a  n n . l l i t e  tube  c o n t a i n i n g  th e  th e rm ocoup le  ::h e a t h .  The tube  was 
mounted on a b a se  t h a t  co u ld  be r a i d e d  o r  lowered  an 1 t h e r e b y  the  r e q u i r e d  
TOtii t i o n  o f  t h e  c r u c i b l e  i n  the  h o t  zone o f  the  f u rnr.ee tube  a t t a i n e d .
£•*>'/ K l r - c t r i c a l  co n d u c t l v i  t y .
The e l e c t r i c a l  c o n d u c t i v i t y  was me.iLiured by a  m o d i f ied  W hea ts tone  
bridge t e c h n i q u e .  The n . o d i f i c a t i o n r  in c lu d e d  a v a r i a b l e  c a p a c i t a n c e  o p p o s i t e  
the  c o n d u c t i v i t y  c e l l  in  o r d e r  t o  b a Ja n c e  o u t  any i n d u c t a n c e  e f f e c t .  No 
p ro v is io n s  were made to  m in imise  the  e f f e c t  o f  f u r n a c e  f r e q u e n c y  and the  rtjains 
f r e q u e n c y  by t h e  a p p l i c a t i o n  o f  say  a combined sys tem  o f  s h u n t  c a p a c i t o r s  and 
low freq'- .^ncy f i l t e r s .  A.r. i t  b eca rne e v i d e n t  in  th e  c o u r se  o f  t h e  c a l i b r a t i o n  
c f  t h e  e q u ip m e n t ,  even  t h e  v a r i a b l e  c a p a c i t o r s  t h a t  wore supposed  to  coun te r ­
a c t  i n d u c t i o n  e f f e c t s  proved to  be s u p e r f l u o u s  and cou ld  be d i s p e n s e d  w i t h .
The e l e c t r i c a l  meosur in t ;  sy s tem  c o n s i s t e d  th u s  o f  a b r i d g e  c i r c u i t  
c o n t a i n i n g  t h e  two c o n s t a n t  r e s i s t a n c e ^ ,  t h e  n c a s u r in p  c e l l  c o n t a i n i n g  th e  
f l a g ,  and v a r i a b  1 ' c a ^ i c i t o r n  c o n n e c te d  it* p a r a l l e l  w i th  th e  c e l l » Hift i  -  
f r e q u e n c y  a l V r n a t i r . g  c u r r e n t  was fed  to the  b r i d g e  by % t r a n s i s t o r  A.C, 
o r c i l i a t o r  Vyp* Tu V / )  !'-X, w h i le  f o r  n u l l - i n s  trun .en t  an o s c i l l o s c o p e ,  Type 
56'  v i s  u s e d .  The t e m p e r a t u r e  o f  the  s l a g  war. measured by a  6 - K h - ? t / 5 0 - R h - P t  
t h c n c o c c u p l i n s e r t e d  from Ui*■ b u t t o n  th rough  the  m u l l i t e  t u l e  t u p p o r t i i i g  ths  
p l a t i n u m  c r u c i b l e .  The p o in t  weld o f  th e  thermoc >uple was c a r e f u l l y  a d j u s t e d  
in  each  t o s t  t o  a d i - t t  •...■*• o f  1 run from t h -  c t w t b l c  co tton , .  Thermocouple  
was d ' - t e r t r i r v d  w i th  the  a i d  o f  a Cambridge p o t e n t i w a . ' t o r .  In  o r d e r  to  
a t t a i n  maximu-n : M n , i t i v i t y  in  th„  c i r c u i t ,  the  c o n s t o n t  r r r i o t a n o f o  were 
o e l e c t e l  so a s  t o  be c l o s e  to th e  r e s i s t i v U y  o f  the  s l a g ,  b e i n g  t h u s  o f
fj  O l i l t i  V ' t l u e ,
mh„ e l n c t r . K i e s  w-r-- mad" o f  .? mm d ian-’ tr r  p l a t in u m  w i r e s  spaced  
p a r a l l e l  to  e a c h o L h f r  10 mm a p a r t  be tween c e n t r e s .  The o l e s t r o d c s  co u ld  bo 
lowered o r  r a in e d  by a rack-and-pin ton  d e v ic e  to  which a v e r n i e r  c a l i p e r
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wao a t ta c h e d  ( in t h in  t h e i r  of  in,u.ni\:j on could Lo cien,i ly  ad jus ted
w i th in  4 0 ,1  rain both f u r  cri i it rvi tion ar.i h i(\h tomj-ivruiuff! moaRxircmf-nt.0/.
A diatfr.';:", o f  tho  ooniplo t-; I r c t a l l a t i o n  i s  fii ve j in  f i ^ r u  J 3 - %
C a l i b r a t  i o r. f o r  onr du^ t i v i t y .  Krom tho workn o f  v a r i o u s  i n v o B t i p u t o r o  i t
would n p poa r  t h a t  a f r eq u e n cy  o f  10 kHz i o  
the  roost n o n u i t i v e  r a n o t  f o r  VAiontrtono b r idge  t e c h n i q u e ,  A n o r i e s  o f  t e c . t s  
were c a r r i e d  o u t  u s i n g  l ‘J> k!!z and l^U kHz f r e q u e n c i e s  w i th  aqueous  s o l u t i o n s  
o f  v a r i o u s  c o n c e n t r a t i o n : ! .  No d i f f e r e n c e  w h a tso e v e r  i n  the  s e n o i t i v i t y  o f  
th e  sy s tem  war, n o t i c e d ,  bu t  th e  at. ' .solute r c - r i n t i v i t y  v a l u e s  were c o n s i d e r a b l y  
d i f f e r e n t ,  S in c e  t h e  t r i a l  f u r n a c e s  o p e r a t e  a t  low f r e q u e n c i e s  (5 0 -6 0
H z) ,  t h i s  f a c t  may l e a v e  ;:ome doubt  au to  the  a b s o l u t e  v a lu e  o f  r e s i s t i v i t i e s  
m easu red  i n  t h e  l a b o r a t o r y  when they  a r e  to  be i n t e r p r e t e d  f o r  l a r g e  -  s c a l e  
o p e r a t i n g  f u r n a c e s . However, a  r e a s o n a b l e  a s su m p t io n  t h a t  can  be made f o r  
t h e  p r e s e n t  p u rp o s e  i r  t h a t  the  r e l a t i v e  r e s i s t a n c e  o f  d i f f e r e n t  s l a g s  a t  
eay  10 kHz c o r r e s p o n d s  w i th  the  r e l a t i v e  r e s i s t a n c e  o f  s l a g s  a t  50 Hz, The 
m easurement  o f  r e s i s t i v i t y  a t  t h i s  low f r e q u e n c y  would,  1‘n any c a s e ,  i n v o l v e  
c o n s i d e r a b l e  d i f f i c u l t i e s ,  r a y  by the u se  o f  d i r e c t  ( i . e ,  v o l t a g e / c u r r e n t )  
meanursments  l e a d i n g  t o  inp^da.-ce  v,a t h e r  than  r e s i s t a n c e  v a l u e s .
The c a l i b r a t i o n  o f  the  c e l l  c o n t a i n i n g  the  e l e c t r o d e s  was pe r fo rm ed  
u s i n g  0 , 1 ,  0 , 5 ,  1 , 0 ,  2 , 0 ,  . 5 , 0 ,  n ,  Na Cl  and KC1 s o l u t i o n s  w i th  t h e  a n a l y t i c a l -  
g r a d e  r e a g e n t  d i s s o l v e d  i n  d e - i o n i s e d  w a t e r , >» b r a s s  c r u c i b l e ,  i d e n t i c a l
i n  s i z e  to  t h e  p l a t i n u m  c r u c i b l e s  o f  t h e  h ig h  t e m p e r a t u r e  t e s t s  was u sed  i n  
th e  c a l i b r a t i o n .  I t  was k e p t  i n  a  t h e r m o s t a t  the  t e m p e r a t u r e  o f  which was 
c o n t r o l l e d  a t  ?()°f:. The d e p t h  o f  i m m e r s i o n  o f  the  e l e c t r o d e s  was a d j u s t e d  
to  a  c o n s t a n t  10 mm, t h i s  b e i n g  measured from the p o i n t  a t  which th e  e l e c t r o d e s  
f i r s t  became i n  c o n t a c t ,  i . e .  b r id g e d  by th e  e l e c t r o l y t e .  The c e l l  r e s i s t a n c e  
v a r i e s  g r e a t l y  w i th  t h e  d e p th  o f  immers ion in  such a  way t h a t  t h e  s m a l l e r  t h e  
d e p t h  t h e  g r e a t e r  i s  th e  r M i i s t a n c o ,  I n d i c a t e d  by o . h y p e r b o l i c  p l o t .  The 
g r a d i e n t  o f  t h e  cu rv e  I n c r e a s e s  a s  the  d e p th  o f  Immersion d e c r e a s e s ,  t h u s  
the  e r r o r  i n  p o s i t i o n i n g  the  e l e c t r o l e s  i n c r e a s e s ,  A 1 0  mm d e p t h  o f  im -  
m ern ion  a p p e a r e d  to  be a s u i t a b l e  compromise.
On th e  o t h e r  hand i t  was found t h a t  in  aqueous s o l u t i o n  the  
s e p a r a t i o n  o f  the  e l e c t r o d e s  does n o t  a l t e r  s u b s t a n t i a l l y  the  c e l l  r e s i s t a n c e .  
For  t h e  sake  o f  c om par i son  the  c a l i b r a t i o n  was c a r r i e d  o u t  w i t h  e l e c t r o d e s  
b e i n g  r e s p e c t i v e l y  9 and 10 mm a p a r t  ( c e n t r e  l i n e  to  c e n t r e  l i n e ) .
The d e p t h  o f  the  l i q u i d s  was k e p t  c o n s t a n t  a t  50 mm I n  t h e  c r u c i b l e
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—  1 / ^  -
l o r  a l l  b o l u t i o n  concen  V im t/ ionr; , a l  lhovi,t'ii Ki' b l i n r  hau .round ( 1 ) t h a t  t h e  
c o l l  c o n s t a n t  a t  f i x ' d  <!' pth o f  im;r,fy:i.ion and f r eq u e n c y  o f  c u r r o n t  was i n  -  
d e p e n d e n t  o f  l i q u i d  l e v e l  l: bo two on and /*0 nzi.
'Hie r * T l o t i v i t y  o f  th e  n l a g  i c  i n v e r s e l y  p r o p o r t i o n a l  t o  the  
c o n d u c t i v i t y  a c c o r d i n g  to  tlic r e l a t i o n s h i p
H « ~  (I ! • /
whore h«= r e r . i i u i v . i t y  o f  s l a g  i n  the  c e l l
h «  c o n d u c t i v i t y  o f  the  u l a g  ( H p e c i f i c  r e o i o t i v i t y )
G * c o l l  c o n o ta r i t i
The c o n s t a n t  G j v> a t e r n  depen d en t  on c e l l  geometry
G -  1/A
i n  a  c e l l  o f  l e n g t h  1 and u n i fo rm  c r o c u - u e c t i o n  A. By t a k i n g  l o g a r i t h m s ,  
from oqu 1 . /  we ge t
l o g  K m -  lo g K  l o g  G 2 » /
Thun a  p l o t  o f  l o g ^ ^  K vs shou ld  be a  s t r a i g h t  l i n e  a s  I n d i c a t e d
i n  f i g u r e  1 1- 4 # from which
l 0g K)G -  1 , 01% »- ( - 2 )
and C -  0 , 6 y^ ohm.cm-1  -  Sm
F i g u r e  11 - 4 .  i n c o r p o r a t e s  the  r e l a t i o n r j h i p  f o r  bo th  9 Dim and 10 mm e l e c t r o d e  
d i s t a n c e s  showing  good ag reem ent  between the  two g r a p h s .  As w i l l  be o b v i o u s ,  
t h e  p o i n t :  o b t a i n e d  w i t h  s o l u t i o n  c o n c e n t r a t i o n s  o f  0 , 5  t o  5 ,0  n show v e r y  
B l i g h t  s c a t t e r  from th e  s t r a i g h t ,  l i n e ,  bu t  t h e  v a lu e  g iv e n  by th e  0 , 1  normal 
s o l u t i o n  in  o f f  the  t r e n d .  In  an a t t e m p t  to  improve th e  r e s u l t s  v a r i o u s  
c a p a c i t o r *  ( 0 ,0 1  to  1 ,0  pK) were added to  t h e  c i r c u i t  by i n s e r t i n g  t h e s e  
c a p a c i t o r s  i n  p a r a l l e l  w i th  the v a r i a b l e  r e s i s t a n c e .  Kven th e  s m a l l e s t  
a d d i t i o n  o f  c u r n c i t o r r  to  the  c i r c u i t  cou ld  n o t  b r i n g  ab o u t  b a l a n c e d  con -  
d l t i o n s .  The same typ"  o f  c i r c u i t  in  which no c a p a c i t o r s  were u sed  was 
employed in  t r - s tn  c a r r i e d  o u t  bo th  in  aqueous  s o l u t i o n s  and in  t h e  m o l ten  
E l a g - .  The r e r u U r  o f  c a l i b r a t i o n s  o b t a i n e d  w i th  v a r i o u s  s t a n d a r d  s o l u t i o n s  
a t  f r e q u e n c i e s  o f  i y j  kl(% and ^  kll/  a r e  compiled  i n  T ab le  T l - ) .
F o r t u n a t e l y ,  the  d e v i a t i o n  from l i n e a r i t y  vat; found to be g r e a t e s t  
f o r  t h e  l e a s t  c o n c e n t r a t e d  s o l u t i o n  o f  h ig h  r e s i s t i v i t y ,  much above t h e  
r e s i s t i v i t y  o f  the  s l a g s  u n d e r  i n v e s t i g a t i o n .  Thus f o r  p r a c t i c a l  c o n s i d e r ­
a t i o n s  th e  n o n - l i n e a r i t y  i n  t h i s  r e g i o n  does n o t  c o n s t i t u t e  any prob lem i n  
t h e  p r e s , u ,  work.  The d e v i a t i o n  from U n r a r i t y  cou ld  be a t t r i b u t e d  to





















p o l a r i u a t i o n  o f  tho  ^ l o c t r o d . ' c  by I om: in  tho  n o l u t i o n .  A cco rd ing  to  
K ieb l in# :  and ( l )  tho  cnprtci tone"  oj’fec t : :  apjioared f o r  tho more con­
c e n t r a t e d  o o l u t i o n n  o f  KCl, vh ic ti  ir: c o n t r a r y  to tho pro non t  f i n d i n g n .  They 
o b t a i n e d  r e a c t a n c e - f r e e  imp-oanco by e x t r a p o l a t i n g  the  moar.urod impedance 
t o  i n f i n i t e  f i-cqiumcy. When v n in g  Wiioatr.tone o r  K e lv in  h r id g e  m e th o d s ,  t h e  
f r e q u e n c y  d ependence  o f  n  s i ;; t i  v i  ty in  a b o u t  o v e r  the  z-ange o f  500 -  
1 0 , (XX/ !!z a cc o rd i rw '  to
V (m) " HV(<z:,) 4 2 a */
Here H ,/ s "m easured  r e s i t a n c o  a t  f r e q u e n c y  ^ and H ,  ^ x ■ p o l a r i s a t i o n -  
; k-’v fXJ;
f ro , ,  r e s i s t a n c e  a t  i n f i n i  V f r eq u e n cy  r e s p e c t i v e l y ,  K i s  a  c o n s t a n t  d e p e n d in g
on t h e  c h a r a c t e r  o f  th e  aqueous  s o l u t i o n ,  mol ten  s l a g  o r  s a l t  s a m p l e . Nov; a
p l c t  o f  v s . l / y  ^ can 're used to  f i n d  ^  hy e x t r a p o l a t i n g  th e  p l o t .
However i n  the  p r e s e n t  s tu d y  tho same p ro c e d u re  was o f  l i t t l e  h e l p  i n  im -
p r o v i n g  t h e  r e s u l t s ,  the  p o i n i i  c o n t in u e d  to  d e v i a t e  from th e  s t r a i g h t  l i n e
r e l a t i o n s h i p .
The measured  r e s i s t i v i t i e s  had to  be c o r r e c t e d  f o r  th e  r e s i s t i v i t y  
o f  t h e  l e a d s  and p l a t i n u m  e l e c t r o d e s .  T h i s  was d e te rm in e d  by s h o r t c i r c u i t i n g  
th e  e l e c t r o d e s  i n  mercury  g i v i n g  a r e s u l t  o f  0 ,8 0  o ! j v ; .  The r e s i s t i v i t y  had 
t o  be c o r r e c t e d  a l s o  f o r  t e m p e r a t u r e ,  the  e f f e c t  o f  which was found t o  be 
0 , 0 ?  ohm be tween l . ' l -d0 a* d 15,:> °V. -  A check was made on the  pe r fo rm ance
Of t h e . h e a t s t c n o  b r i d g "  by s u b s t i t u t i n g  a  v a r i a b l e  r e s i s t a n c e  box f o r  the 
c e l l .  U ' -v ia t io r . s  t " tw o " n  th< a c t u a l  ( c e l l J  r e s i s t a n c e  and the  r e s i s t a n c e  
m easured  a l t h o u g h  p r e s e n t ,  were found to be o f  no s i g n i f i c a n c e  f o r  p r a c t ic a l
c o n s i d e r a t i a n o .
Mode o f  o r ' r u *  i o n .  A f t e r  m e l t i n g  down the  p e l l c t i c e d  : a t e r i a l  the
^ ,q ton u l a g  was m ain ta  inec. f o r  a p p ro x im a te ly
1 h r  ir. the run .- ." -  w h > - -a ' le r  the r e n t e l i v i t y  ».-aeuromente ccraaenccd. The 
h igh .-i t v e n e r a m r e  zo'.« in  tlx f iu n . i c e  Ixul Ice: ,  determined |.rcviou»ljr by 
„ 0 , u t v.  « « . «  the  i r n p u ,  o f  the  furnace tube  end  p l o t t i n g
t h e  l , . . , r t h  v n . ten i i .en . ’/ i i e  i-:,.! i n f . . . M / r i m  I M .  in d ic a te s  th a t  w ith in  
4 v  n i l *  t e r n  a r  »nvl ' h e  c e n t r e  l i n e  t h e , , ,  i f  v e ry  l i t t l e  change in  furnace 
t e m p e r a t u r e .  T h e r e f o r e  a l l  H a , : "  « "» ' k ' I'1 «» « -in  range x h r r e b y  tem perature  
fluc tu .- tla r .il  Of n o ,  mere than  . !'° ■ could be n e c u m l.
H u r l m oHinr-low n l .h■ ■ r o t r H lv n  ran wan in troduced  from the top 
o f  y„ ,  l u l l . . .  ,M tlx, s l a n t  o f  the r e o i n t i v i t y  ocanuremento the  flow was then
T a i l ,  1 1 - 4 .
Liquidnrs tcnipr.y a la r " : i  a:.-! r*.-;: 1 .• i l v i 11 cif f;ynth» t j c  j l , r : ' «
Group
No
I ' l a g
Number
Dt'to rmi r.- 'd 
1 i q u i d ’.;;' 
Tr-Hipf r a t e r .
°C
Hfio i r.tiuice moaruremeata
L.T .+50 C I.. T . C
(Ohm)
L.T .+100 C
1 1 1 3 :0 3 ,95 3 ,35 2 , 9 0
2 I 3 : u 3 ,35 5 ,10 2 ,6 0
3 1319 3,('0 3 ,25 2 ,3 5
I I 4 1509 4 ,4 0 4 ,0 0 3 ,0 0
3 1395 9 , ) 6 2 ,20 1 ,9 7
I I I 6 1310 4 ,0 0 3 , f o 3 ,0 0
7 1350 3 ,00 2 ,8 0 2 ,4 5
8 1380 2 ,8 5 2 ,3 5 1 ,8 0
IV 9 1550 4 ,5 0 3 ,95 3 , i o
10 13:9 2 ,20 2 ,1 0 1 , 8 0
V l l ^ 5 0 4 ,30 3,70
2 ,6 0
l ? 2 ,30 2 ,17 1 ,9 5
VI 13 1375 2 ,77 2 ,5 8
-
14 1330 2 ,87
2 ,7.0 o ,2 0
19 1275 2 ,15
1 ,9 0 1 ,80
T n b l o  1 1 - ! ; .
Liqii id.!!’ :uv! r.-M.- t.trc#.o o f  p l a n t  s l a ^ r .
ivito
o f








! . T . r 50 ° C  L . T . - f S ' 0 ° C  L . T . + 1 0 0 ° C
(Ohm)
Co Tip or i t e
Monthly  Uample 
O c t o t - r  1972 1 15152’ 5 ,50 5 ,oo 2 ,6 0
Novemtor 197? 2 1526 5 , ) t 5 ,24 2 ,8 5
Corcpo. I t e  
hay .jjjmplo
4 / 1 2 / 7 ? 5 1550 5 ,59 5 , i o
2 ,6 0
5 /1 2 /7 ? 4 1)55 5 ,10 2 ,65
2 ,5 5
7 / 1 2 / 7 ? 5 1 54" 5 , 2 ? 2 ,9 9
2 ,5 0
9 / 1 2 / 7 ? 6 1540 5,51
5 ,0 0 2 ,4 5
1 2 /1 2 /7 . 7 1525
5 ,2 0 5,04 2 ,5 0
F i g u r e  1 1 - 1"'
MEAVUJ) ‘?L ,r,TW.E TLMl’ErfATJHE Ka.ATIOIjGHlP
SI eg num.I.'PS 1 , 2 , nnd /,
0 ,9
Temperature, 1/T C * 10
1400IVO












F i  g y r e  1 1  - 0 . M E A 3 U U U )  M : , I  S T A N C E  -  1 L M H E K A T  J R L  M L A I I 0 N S H I P
Slag
No-9










Tempo r a t u r a ,  1 /T  x 10
14501400
1300
F igur*  11-9 ME/" j  /CjISTAfX!! ^  TLM’lKAI UKC (i:i AT lONjHl T










Temporature 1 /T  * 10
1450








Fi rjure 11-10 MEAollKC) .VL j! ufanul etag No-1* 
0,4
r.:«i'CRATU!#C RI'l.A’im;SH|R
lag No 15, 11, 1',
0,8
'  0 ,50
0,250,6
0,5





l ^ 10 No- 15,14 
1400
-  16 -
i
rovor tG . l  w i th  I!iG a i d  oi' Uig 5-way co -k iiliowri in  H(jurr- ] ! - ? . / ,  and tho /?at> 
wan blown i r  t.o tlio tube; from the  bo 1. Vrn. 'I he m ix tm  <' , comported o f  
and li,, ( i n  a  few t r i a l  ten  tn w i th  CO in n  toad o f  l!^) wan a d j u n t c d  y e n e i c  l l y  
go an to  g iv e  a f low r a t e  o f  1 ,2  to 1 ,0  l / m i n  and 20 c c /m in  11^  meanurad 
by t h e  c a l i b r a t e d  U-tube  neui imetei 'n, ' fn in  m a in t a in e d  a p p r o p r l a t e  r e d u c i n g  
c o n d i t i o n s  i n  the  f u r n a e  1 and k e p t  tie: ‘•'<.•0 from b e i n g  ox i .  a nod by th e  a t  
moaphere  w h i l e  the  t’e ^ 4/ i ' e ^  o q u i l i t> r iu r .  wan f i x e d  a o l e l y  by the  componi t i o n  
o f  th e  s iH g.
With  the  a i d  o f  a m i r r o r  sy s tem  the  e l e c t r o d e s  were c a r e f u l l y  
a l i g n e d  in  t h e  c e n t r e  o f  the  c r u c i b l e  and 1 e.ve r  n i n t o  the  me i t  whan the  
t e m p o ra tu * e  o f  t h i s  r e a c h / d  ab o u t  151^ - 152 '.) C. 'ftto c o n t a c t  w i th  t h e  m e l t  
s u r f a c e  was i n d i c a t e d  by th«* c o l l a p s e  of the  wide o s c i l l o s c o p e  b an d ,  th e n  
th e  d e p t h  o f  iminers1 on way a d j u s t e d  e x a c t l y  to  10 mra on th e  v e r n i e r  s c a l e *
Some o f  t h e  s l a g s ,  e s p e c i a l l y  th o se  w i t h  h igh  FeO and ^iOg 
c o n t e n t s  e x h i t  i t o d  a  tendency  to b o i l  i tig. Due to  t h i s  t endency  i t  v<-s 
d i f f i c u l t  to  c a r r y  o u t  c o n d u c t i v i t y  m- ,inurements  w i th  t h e s e  s l a g s  on b o th  
r i s i n g  and f a i l i n g  t e m p e r a t u r e s .  The b e s t  mode o f  o p e r a t i o n  had t o  be 
found o u t  d u r i n g  the t e s t .
Ah ment ioned  a l r e a d y ,  the  h e a t i n g  and c o o l i n g  r a t e s  were  found 
to  have  a s i g n i f i c a n t  e f f e c t  on tnc measured r e s i s t i v i t y .  For  t h e  sake  o f  
u n i f o r m t y  o f  the  opera*  ion  w i th  the  a i d  o f  the  t e m p e r a t u r e  r e c o r d e r  t h e  
r a t e s  wore k e p t  a t  1 ,5  to 2° c / n i n ,  from above the  l i q u i d u s  t e m p e r a t u r e .  -  
On th e  c o m p le t io n  o f  the  t e n t  t h e  s l a g  was q u ic k ly  co o led  i n  c o n t r o l l e d  
a tm o sp h ere  and from the  c o ld  s l a g  a sample  was taken  f o r  FeO d e t e r m i n a t i o n .
R e s u l t s and : . r e u s n j o r u  Thv r e s u l t s  o f  the  c o n d u c t i v i t y  measurements  a t
t h r e e  d i f f e r e n t  temp-”, a t u r e n  above l i q u i d u s  to  -  
g o t h e r  w i th  the  l i q u i d u s  t e m p e r a t u r e s  o f  th e  s l a g s  
a r e  g iv e n  in  Tab le  1 1 -4 .  Ir, a d d i t i o n  to  th e  s y n t h e t i c  s l a g s  f u r t h e r  t e s t s  
were c a r r i e d  o u t  on neve., p la n t  s l a g s  o r i g i n a t i n g  ftom one o f  t h e  f u r n a c e s  
i n  t h e  s m e l t i n g  p l a n t .  The r e s u l t s  o f  t e s t s  c a r r i e d  o u t  on t h e s e  s l a g s  a r c  
c o n t a i n e d  in  T ab le  TT-% F ig u r e s  11-5 to 10 g iv e  the  changes  in  r e s . s t a r - a  
w i th  t e m p e r a t u r e . The result . :!  a r e  p l o t t e d  a s  viimn v s .  t e m p e r a t u r e  and l o g  
o f  r e a l  s t a n c e  v e r s u s  the r e c i p r o c a l  o f  t e m p e r a t u r e .  T h e r e f o r e  t h o s e  g r a p h s  
g iv e  the  a c t u a l l y  m e a s u r e d  n e t  r e s i s t a n c e  ( h )  i n  ohms, an r e a d  from th e  d i a l
s e t t i n g s  o f  th r  r e s i s t a n c e  box, be tween two e l e c t r o d e s  spaced  a t  a  d i s t a n c e
1
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of  10 tun, io convert  I to da ta  pi  the r to co nduc t iv i ty  >; (oh:ii'*"" .cm  ^ ( o r  f’m
or to e p o c i f i  i r e s i s t i v i t y ,  q ol'im.cm, the col 1 con t a u t  rr: j?;t be taken in to
c o n s i d e r a t i o n .  A t ,  i n d i c a t ' d  a l r e a d y ,  f r o m  f r n i r .  t h e  p l o t  o f  l o / ‘  . K  v b  l o g ,
10  1 1^1
in f i g u r e  4* the  c e l l  cornstant wun c a lcu la tcd  as   ^ o r  0,655 ohn  ^cm *
Since
K  r: —  4 »/
n
t h e  c o n d u c t i v i t y  v a l u e  ft can  be o b t a i n e d  by d i v i v d i n g  t h e  c e i l  cons  t a u t  by 
the  m^auure.1 r e r i n t a r c e  value: :  t o  g o t  x  i n  rim- 1 . A c t u a l l y  the  r e s u l t s  w i l l  
r e p r r - ee n t
G
H  “ 11r ? when H -  R -  r  5 * /
R -  r^ h ^
Vfiicre C i o  tho c e l l  c o n s t a n t  f o r  the  giver,  dep th  o f  me 11 ( r n ) and d e p t h  
1 ?o f  iu m e iH r io n  o f  f - l e c t r  .-do, ( r ^ ) *  H i s  the  a p p a r e n t  r e s i s t a n c e  and r ^  i s  t h e  
r e s i s t a n c e  o f  th.e l e a d u . The l e a d  r e s i s t a n c e  had a l r e a d y  been a c c o u n te d  f o r  
and r ^  and  r ^  were k e p t  c o n s t a n t  t h r o u g h o u t  t h e  t e s t s .  The s p e c i f i c  r e s i s t i v i t y  
i n  ohm,cm i s  th e n  g i v e n  by
? - 6-/
Tlie c o n v e r s i o n  be tween ^ and R i s  i n d i c a t e d  i n  f i g u r e  11#) The c a l c u l a t e d  
c o n d u c t i v i t i e s  t o g e t h e r  w i th  the  log^^  v a l u e s  a r e  p l o t t e d  i n  g ra p h s  1 2 , )  and 
1 ) , ) .  The r e l e v a n t  d a t a  r e l a t i n g  to  the  p l a n t  s l o j s  a r e  shown i n  f i g u r e s  
1 4 . )  and 1 5 . )
The c e l l  c o n s t a n t  i s  an im p o r t a n t  p a ra m e te r  i n  d e t e r m i n i n g  th e  
r e l a t i o n s h i p  between c e l l  geometry  and s l a g  r e s i s t i v i t y  a s  from e q u . l . /
R -  ? . /
S in c e  the  e l e c t r i c a l  c o n d u c t i o n  taken  p l a c e  between c y l i n d r i c a l  c o n d u c t o r s ,  
by t h e o r e t i c a l  c o n e i d o r a t i o n n  based  on the  c o n c e p t  o f  e q v . a l y  c h a rg ed  
c y l i n d r i c a l  i n f i n i t e  w i n  r  an proposed by Attwood (2)  ( f u r t h e r  on t h i s  p o i n t  
Bee n e x t  s e c t i o n ) , the  above oxp ren iu o n  r e l a t i n g  to  th e  c e l l  c o n s t a n t  can  be 
f o r m u la t e d  so an to i n v o l v e  e l e c t r o d e  geo m et ry ,  i . e .  s i z e ,  s p a c i n g  and d e p th  
o f  i tnmeriuon i n t o  the  e l e c t r o l y t e  and s l a g  m e l t  r e s p e c t i v e l y .  In  th e  c e l l  
a r r a n g e m e n t  ursed f o r  c o n d u c t i v i t y  m*.*ain.irenients the  e x p r e s s i o n  w i l l  r e l a t e  to  
the  c a p a c i t a n c e  between two e l e c t r o d e s  t h e s e  b e i n g  leg i i ided  as  e q u a l l y  
c h a r g e d , p a r a l l e l . ,  c y l i n d r i c a l  i n f i n i t e  w i r e s  1 u n i t s  i n  l e n g t h  (imnw r s e d  
i n t o  th e  s l a g )  and o f  r a d i u s  r  spaced a t  a d i s t a n c e  S between c e n t r e  to
c e n t r e ,  Thun
G •= / . , .
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r-V y  - 1 a./
g i v i n g  i n  f a c t  th- • cap.acj tan cd  in  the  r n j ’ion  between two e l e c t  codec .  The 
b a s i c  j i i ' . inc ip ie  o f  t h i s  1 orn’. u l a t i o n  it: tf iaI  by v i r t u a  o f  th e  r e l a t i o n s h i p  
be tween c a p a c i t a n c e  and coi.ductar.ee
(k
9 . /
( 6 * d i e l e c t r i c  c c : / ; t a n t  o f  the  medium and 6 *- c h a rg e  d e n s i t y  j»or u n i t  a r e a  
o f  c o n d u c t o r )  , on.  ;1 a r e l a t e d  to  c a p a c i t a n c e  can be a p p l i e d  t o  tire c a l  -  
d i l a t i o n  o f  c o n d u c t a n c e .  For the  c e l l  uyovu:. used in  the  c o n d u c t i v i t y  t e s t s  
where the  d i a m e t e r  o f  the  e l e c t r o d e  was 2 mm and the  d e p th  o f  immers ion  10 mm, 
th e  c e l l  c o n s t a n t  w i l l  be
In 1?? f  -  i x 10* 7 8 ,9  fim-1
5,14 X 10
The d i f f e r e n c e  be tw een  the  h i g h e r  t h e o r e t i c a l  and the  p r e v i o u s l y  q u o te d  
measured v a l u e s  o f  G in  most l i k e l y  to  be due to  what i s  known a s  the  
c r u c i b l e  e f f e c t  i n  which the  p r o x im i ty  o f  the  c r u c i b l e  s i d e  w a l l s  and base  
o f f e r  a d d i t i o n a l  p a t h  o f  c o n d u c t i o n  and hence c o n t r i b u t e  to  the* d e c r e a s e  i n  
c e l l  c o n s t a n t ,  w i th  the  i n c o r p o r a t i o n  of  the  c e l l  c o n s t a n t  and f i g u r e s  14.  
and 1 9 . the  r a n g e  o f  th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  th e  p l a n t  s l a g s  would 
be a s  f o l l o w s :
I 400°c
-1C o n d u c t i v i t y  Cm * 2 $ ,8  - 21*5
S p e c i f i c  r e s i s t i v i t y  ohm.cm 4 ,8 7  -  4 ,21
1450°C
2 0 ,5  -  2 1 ,2  
) , 9 8  -  ) , 5 2
R e s u l t s  o b t a i n e d  w i ty  ; yn the  t i c  f l a g s .
The l i q u i d ' : : '  t e m p e r a t u r e s  were de te rm ined  from the  g ra p h s  showing 
l o g  o f  r e s i s t a n c e  v s .  r e c i p r o c a l  cl  t e m p e r a t u r e ,  There  i s  a  d i s t i n c t  c.vingv 
i n  t h e  slop*-’ o f  th e  l i n e s  a t  the  o n s e t  o f  the  s o l i d i f i c a t i o n  o f  the  c l a g  and 
t h i s  p o i n t  was taken  a s  ’he l i q u i d u s  t e m p e r a t u r e .  I t  should  be m en t io n ed ,  
however ,  t h a t  the  v a l u e  o b t a i n e d  i n  t h i s  way i s  n ° t  n e c e s s a r i l y  in  com ple te  
ag reem en t  w i th  the l i q u i d u s  t e n v - r a t u r e n  measured by the  v i s c o s i t y  method.
The e l e c t r i c a l  sy s tem  f o r  d e t e r m i n i n g  r e s i s t a n c e ,  depend ing  on th e  c h a r a c t e r  
o f  t h e  s l a g ,  m igh t  p ic k  up a t  an e a r l i e r  s t a g e  than  does  the  v i s c o m e t e r ,  
changes  b r o u g h t  a b o u t  a . /  by c r y s t a l  fo r m a t io n  i n  the  l i q u i d  s l a g ,  o r  b , /  
changes  i n  the  c o m p o s i t io n  o f  th e  l i q u i d  phase  consequen t  upon c r y s t a l l i s a t i o n  
o f  th e  p r im ary  p h a s e .  The t e m p e r a t u r e  -  r e s i s t i v i t y  r e l a t i o n s h i p  f o r  p l a n t  
B lag  No -  1 i s  shown i n  f i g u r e  H> f o r  a  wide range  down to  t h e  t e m p e ra tu re ­
n t  w h i c h / , , .
VO'WMO ‘/ l  [AUSInn^
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a t  which t h e r e  i x n pri-iloini ti/uico o f  cry:', t a l l  i nc m.itr' r j a l .  .A cco rd ing  to  the 
g r a p h  th e  fj t-yt.  i n d i c a t i o M  o f  the  l i q u i d u n  iu  a round 1)?0°C .  From r e s i s t i v i t y
mcafiurementr, the  f o m o r  v/a ; taker, f o r  j ' ^uidun t e m p e r a t u r e .
The di. ' tcu.tfiion o f  ref»ul t» nr, in^  the  g ro u p in g  oJ‘ f ; ]a^r a s  o u t l i n e d  
i n  T ab le  1 I - ?  can bo .. d up as  f o l l o w s :  ( the  r j  ven r « ; c i n t i v i t i o o  i f  n o t  
i n d i c a t e d  otherv.' j no ,  rop re r .on t  valuer ,  o b t a i n e d  y.)0'' above l i q u i d u s  t e m p , )
Croup I » Hola t  ion  be tween r c u i o t i ' .  Ly arid ba r  j e i  ty r a t i o  a t  c o n s t a n t  MgO»
Ko() ai.d v a r y i n g  Can, DiO,, con ton to .
As i n d j c a t e d  in  f i g .  I I - ] Y . th e  r e s i s t i v i t y  d e c r e a s e s  s l i g h t l y
w i t h  the  i n c r r a r - '  i n  the  CaO c o n t e n t  and in  b a s i c !  t y  r a t i o .  The o l i & h t  i n ­
c r e a s e  a t  !;0 0C above  l i q u i d u s  i s  p r o l a b l y  dun to  in c o m p le te  e q u i l i b r i u m  i n
t h e  s l a g ,  p lu s  e x p e r i m e n t a l  e r r o r .  The sm al l  d e c r e a s e  i n  l i q u i d u s  t e m p e r a t u r e
c a n r o t  be rega rd -  d a s  s i g n i f i r a r  t .
1m  p IT. R e l a t i o n s h i p  between r e s i s t i v i t y  and b a s i c i t y  r a t i o  w i t h  c o n s t a n t  
CaO and KeO but  w i th  i n c r e a s i n g  MgO c o n t o r t  i r  th e  s l a f .
F ig u r e  IB. shows t h a t  the  e f f e c t  o f  the  change in  Mgo c o n t e n t  i s
f a r  more p ronounced  than  t h a t  o f  CaO. I n e z e a s i n g  th e  KgO c o n t e n t  from 1 )  t o
19 p e r  c e n t  w i l l  d e c r e a s e  the  r e s i s t i v i t y  by JO p e r  c e n t  w h i le  t h e  l i q u i d u s
t e m p e r a t u r e  w i l l  r i s e  fron; 1 JOh to  1 y / ) ° C ,
Group TIT. R e l a t i o n s h i p  between r e s i s t i v i t y  and b a s i c i t y  r a t i o  w i th  i n c r e a s e d
CaO and MgO c o n t e n t s  b u t  a t  c o n s t a n t  KeO c o n t e n t .
The change in  r e s i s t i v i t y  a s  shown in  f i g u r e  19# i s  v e r y  s i m i l a r
to  t h a t  o f  the  p r e v i o u s  cas--># but a s  co u ld  be e x p e c t e d ,  th e  r i s e  i n  l i q u i d u s
t e m p e r a t u r e  i s  more p ron o u n ced .
Groups IV R e l a t i o n s h i p  between r e s i s t i v i t y  and t o t a l  i r o n  c o n t e n t  w i th
— - - -  v a r i a t i o n  in  CaO, KgO a n d ' e i O ? c o n t e n t s .
As shown in  f i g u r e s  :0  and ?1 .  changes  in  r e s i s t i v i t y  a r e  v e r y  
s i m i l a r  in  the  two g ro u p s .  An i n c r e a s e  i n  the  t o t a l  i r o n  from
1 0 ,7  to  19 ,7  p'-r c e n t  ( c o r r e s p o n d i n g  to  12,7  to  ? 5 ,4  p e r  c e n t  FeO ) r e s u l t s
i n  a  marked d e e r '  a r e  o f  to Vj  in  the  r e s i s t i v i t y  o f  the  s l a g .
The l i q u i d  t":i p' r a t u r e  e re , i so s  w i th  d e c r e a s i n g  CaO and MgO 
c o n t e n t ,  bu t  the  e f f e c t  i s  not r i g n i i l e a n t .
Group V: . R e l a t i o n s .h ip  between r e s i s t i v i t y  and o x i d a t i o n  p o t e n t i a l  o f  t h e
s l a g .
Fi#7u r e  i n d i e a t . e s  the  e f f e c t  o f  the  Kc'->/ F e ^ < r a t i o  on th e  
r e s i s t i v i t y  a t  10° ,  )0 °  and above th e  l i q u i d u s  t e m p e r a t u r e
? 4
o f  thf s l a g .  As w i l l  be o b v io u s ,  the  change in  i-V' c o n t e n t  from 40 to
a b o u t  9<; per- cent, bar. ve ry  l i m i t e d  e f f e c  L on the  r e s i s t i v i t y  a t  t e m p e r a t u r e s
JO0 above l i q u i d u s / . . .
-  ?0  -
30° C above H quidu :s  o r  h i g h e r .  On the  o t h e r  h a n d , the* o lT o c t  o f  the 
o x i d a t i o n  po L o n t i a l  bfoomoB c l i r .h t . ly  more ni n ' l i ' f i can  t when olapr,  a r c  to o  ted  
a t  c o n s t a n t  tempera  l u r e .  Kvon in  vi;ic cane the chance i n  r e o i a t i v i t y  becomes 
nefliSciblo w i th  d i v a l e n t  I ro n  con ten  tn above 00 p e r  c e n t ,
l ' e r t a i n i n g  to  the  e f f e c t  o f  F o ^ / K o ^ * r a t i o  on the  e l e c t r i c a l  con -  
d u c t i v i t y  Fngc 11 and Vyc*n ( 3 ) have c a r r i e d  out, d e t a i l e d  i n v e u t i g a t i o n  on 
the  eys tem CaO-FeO-Kc, 0 .-I'iO,, u u in g  a f i x e d  OaO/hiO^ r a t i o  o f  0 f '/9 &nd t o t a l
f J t.
i r o n  content,  v a r y i n g  from N ^ - 0 ,<'34 to  0 ,44#  With the  c o n d i t i o n  B - n ^ Q / n ^ Q  * 
0 ,7 9  t h e  o x i d a t i o n  b t a t c  o f  t '  a n l a g  ub c h a r a c t e r i s e d  by th e  r e l a t i v e  arr-otint 
o f  t r i v a l c - n t  i r o n  c o n t e n t  x => n j,*e 3 i / ( n pf,3 t 4 n ||lf,?+) w i t h i n  the  range  o f  the  
chosen  s l a g  c o n .p o s i t io n  depends  on ly  or. th e  p a r t i a l  p r e s s u r e  o f  oxygen. At 
o t h e r  v a l u e s  o f  B the  r e l a t i o n s h i p s  become mo, c o m p l i c a t e d ,  ( s e e  f o r  example 
L a rso n  H, -  Chipman J . :  Trans  Mot. Boc. AIMF, 197, 1995, 10 6 9 ) .  The e l e c t r i c a l  
c o n d u c t i v i t y  t e s t s  were pc*rr nrmod a t  1600°C and the  l'e / F e  r a t i o  was v a r i e d  
by t h e  a d ju s t m  -nt o f  the  gas  phase  above the  m e l t ,  between 0 ,2$  and 0 ,  / ? •  The 
c o n d u c t i v i t y  co u ld  be e x p te n s e d  by th e  f o l l o w i n g  e q u a t i o n
K - K0 “ ax + bx(l -  x) 1 0 . /
where * -  nF e 5 t/^ nFe5* + n Fe2'1 ^
and K , A and b were gv-en  i n  ohm ^,cm For  N^e -  0 , 9 9 ,  t h a t  i s  t h e  
r a n g e  o f  the  i r o n  c o n t e n t  o f  the  model f u r n a c e  s l a g s  ( a v e r a g e  i r o n  c o n t e n t ) ,  
be tween  40  and 90 p e r  c e n t  Fe? * they found a  much g r e a t e r  change in  r e s i s t i v i t y  
t h a n  was e v i d e n t  in  t h i s  s t u d y .  The change i n  r e s i s t i v i t y  w i th  the  change  o f  
t h e  Fe24/ F e 5 * r a t i o  was found by F n g c l l  and Vygon to be more pronounced the  
h i g h e r  the  i r o n  c o n t e n t  became. #/i th  4he i n c r e a s e  o f  t h e  t r i v a l e n t - d i v a l e n t
i r o n  r a t i o  th e  c o n d u c t i v i t y  i n c r e a s e d  and reached  a f l a t  maximum, th e n  i t  
d e c r e a s e d  a g a i n .  A s i m i l a r  t r e n d  was e v i d e n t  w i th  the  e l e c t r i c a l  c o n d u c t i v i t y  
o f  glances  c o n t a i n i n g  phosphorus  and i r o n  w i th  r a t i o s  o f  t o  / l*e '  v a r y i n g  
be tween 0 ,9  and 0 , 0 .  In th e  co m p o s i t io n  range  o f  s l a g s  i n v e s t i g a t e d  f o r  the  
e f f e c t  o f  the  o x i d a t i o n  s t a t e  upon the  e l e c t r i c a l  c o n d u c t i v i t y ,  the  i r o n  ox ide  
c o n t e n t  in  the  p r e s e n t  s tu d y  correspond .-d  to  « 0,?(>7 « NKc " 0 , 1 9 ? .  I t
l a  i n t o i - e n t i n g  to  n o t e  t h a t  the  eh' .ng? in  r e s i s t i v i t y  a t  t h i s  i r o n  c o n t e n t ,  
ae r e f e r r e d  to  the  a b r o l u t o  v a lu e  o f  K ,  was s i m i l a r  to  t h a t  o b t a i n e d  by
Kngel 1 and Vy;;-n f o r  t h - i r  sys tem a t  -  0 , 1) , ' ) .
In  c q u .  1 0 . th e  term K^-ax r e p m n c n t s  i o n i c  c o n d u c t i o n  and i t s
v a r i a t i o n  w i th  the o x i d a t i o n  r * a t e  o f  the  Ring , wh i le  the  q u a e . r a t io  t e rm ,  
b x ( l  -  x ) ,  r e p r e s e n t s  e l e c t r o n i c  c o n d u c t i o n  t h i o  b e in g  a t t r i b u t a b l e  t o  charge  
t r a n s f e r  b e t  we, n Fe"'4 and i’e 5 ' .  Thus i n  Blags c o n t a i n i n g  d i v a l e n  i r o n  ( f e r r o u s  
o x i d e ) ,  t h e n -  i s  a lw ays  e l e c t r o n i c  c o n d u c t i o n  p r e s e n t  the  e x t e n t  o f  which  w i l l
r ln n n n rl n n  t h e  /  . . .
•'»,w«0 !Ar,e|veti
ro'puo 'Xt : ■-!•«« !«oti
wcV wmo ' ^ 1  ! A ! 1 e ! e t , fl
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depend on th e  d i v a l e n t  i r o n  c o n t e n t .  With N = ttie a h n o u l t o  v a l u e  o f  K i
a s  n o t e d  above wan n i m i l a r  to  t h a t  o f  the  p r e s e n t  n t u  !y a t  N^ , = 0 , 1 9 2 , l1'01’
th e  low i r o n  c o n t e n t  the  v a l u e s  o f  the  conntnntis  a  and b o f  e q u a t i o n  1 0 . wore 
g iv e n  an a =0,P'j and b» 8x10 ' w i th  k  =- Thin would i r i d i c a t o  t h a t  a t
th e  q u o ted  i r o n  c o n t e n t  o f  i n s l a g  ( i . e .  Njt, r 0 f0 f>^) the  i o n i c  c o n d u c t i o n  
was p redom ir .a t  i n  t h e  sys tem u n d e r  s tu d y  and the  i n f l u e n c e ,  e x e r t e d  upon i t  
by t h e  i n c r e a s e  o f  t h e  Fe 1 c o n t e n t  from 40  to  90 p e r  cen t  was n e g l i g i b l e .
P e r t a i n i n g  to  th e  i n f l u e n c e  o f  th e  p a r t i a l  p r e s s u r e  o f  oxygen upon 
th e  e l e c t r i c a l  c o n d u c t i v i t y  R u ss ia n  i n v e s t i g a t o r s  have found t h a t  i n  
q u a t e r n a r y  C a O - A L ^ - n i O p - F c ^  m e l t s  an a p p r e c i a b l e  change o f  r  w i th  the  
change o f  oxygen p a r t i a l  p r e s s u r e  occu red  when the i r o n  c o n t e n t  xceed id 10 
p e r  c e n t .  U n t i l  t h i s  c o n c e n t r a t i o n  was re  ched the  c o n d u c t i v i t y  o f  th e  m e l t s  
a p p e a re d  to  be p r a c t i c a l l y  o n ly  o f  i o n i c  t y p e .  (•♦)
The b e h a v i o u r  o f  p l a n t  s l a g s . The r e s i s t i v i t y  v e r s u s  t e m p e ra tu re  r e l a t i o n s h i p s
f o r  the  p l a n t  s l a g s  a r e  shown in  f i g u r e s  14.  
and 15, As w i l l  be obv ious  from th e  g ra p h s  
t h e  t r e n d  i s  v i r t u a l l y  the same f o r  a l l  s l a g s  w i th  a  narrow range  o f  r e s i ­
s t i v i t y  between the  ex trem e  v a lu e s  t h a t  v a r i e s  from G,?5 to  0 ,4 0  ohm. cm. 
d e p e n d in g  on the  t e m p e r a t u r e . In  c o n s i d e r i n g  the  l i m i t e d  v a r i a t i o n s  i n  t h e i r  
c o m p o s i t io n  t h i s  i s  u n d e r s t a n d a b l e .
F i g u r e  2%  i n d i c a t e s  the  r e s i s t i v i t y  range  o f  the  p l a n t  s l a g s  ( sh a d ed  
a r e a )  i n  t h a t  o f  th e  com pos i te  s l a g s .  The ’o t t c u  l i n e  a t  t h e  bo t tom  r e p r e s e n t s  
ex t rem e  s l a g  c o m p o s i t i o n .  ( F l a g  : : o . l 5 ) .  As shown by the  g rap h  th e  r e s i s t i v i t y  
r a n g e  o f  th e  plant,  s l a g s  ir. i n  the  upper  a r e a  o f  th e  range  o f  the  com pos i te  
s l a g s  which in in  a c c o id  w i th  th e  d i f f e r e n c e s  in  c o m p o s i t io n  o f  th e  two s l a g
g r o u p s .
F ig u r e  .’4 .  shews a com par ison  between a p l a n t  i t  a g ( N o - 7 / &nd a. com­
p o s i t e  s i n g  (No-1 ) o f  ve ry  nimi . s r  co m p o s i t io n  in r e g a r d  to th e  change o f  
r e s i s t i v i t y  w i th  t.emp-'ra t u r o .  Tr.e ag reem en t  between the  measured r e s i s t i v i t i e s  
i s  good and the  mini o r  d i f f e r e n c e s  could  p a r t l y  be a t t r i b u t a b l e  to  e x p e r i m e n t a l  
e r r o r .  However,  th e  d i f f e r e m ' o  In l i q u i d u s  t e m p e r a t u r e s  i s  n o t e w o r t h y , a  f a c t ,  
t h a t  m igh t  p o s s i b l y  be e x p l a i n e d  on the b a s i s  o f  t h e  d i f i e i - e n t  o x i d a t i o n  po­
t e n t i a l  o f  the  two t s la g j .
Cn keeping the concen tra t ion  of the o ther  components by and la igo  the 
same and in c re a s in g  the s i l i c a  content  in the composite s l a g ,  th a t  i s  d e c reas in g  
the b a s i c i ty  r a t i o ,  increases  the r e s i s t i v i t y  (see f igu res  1 ? and 1 8 ) .  In p i ' .mi­








F igure  11-?fi
FFRCT On T,4[ 101M II-,XV, CONTr.M ON lit OF THC 3LA3
P l a n t  s i l a g  -  c o n p o . ' i i  t u  s l u g  r u 1 .1 11 o n s h i  p ,  FcO c o n t e n t  inoruJo ; d  
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1 Compva« tv s lay  No-V
2 P lan t s l ag No-S
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f .,0  -
«.5
%o
1.5 iv)o n ro 1400 1450
Tewpopature °C
Bluff - couipoiiitr; ftlat? vfl ' - .t ionc.hi  p t h i o  iu (U-jiictcd ir. f  i^uro  2$ wi Lh com­
p o s i t e  ulaff  No-/, and pi ;'i;t Ua- 'j and Ho- / .
The i n c r o a s o  o f  I!.-: t o t u l  j ron con t^n l . ,  an i t  war found wi th  tlx- 
com poa i to  r l a / ; ” connidc-i a b ly  (it.-oroaj-.on t t r > i v i t y .  'I'h0 Basir- co u ld  be 
e s t a b l  .1 nhvd iii p l a n t  ::la.-'; (I’o -S 'a i .u  r.cMiiporito .">la^ 'vIio-K')  r e l a t i o n s h i p  a s  
al'iowji i n  f i t % .
Genfi’a l l y , no Ulr. tlnct r v l a 1,tor.'ihip coviid Y.v found between r e s i s t i v i t y  
and olht '■ v?i vinLlvii f o r  tho plant  hla^r:. Thin wan u-idoublodly due to the 
na r ro ’w co;;.jv»::. i t ! oa ran#’ - and al no to the randoih p a t t e r n  of the change o f  the 
s l a g  com pe t i t ion .  Om* importzu - ‘ fact  t h a t  emf. rgon in thir. context  i s  the 
reduced oitmt f  i . 'nncf of  th<- ch., in both t o t a l  iron and M(£ con t e r  t f ,  which, 
on the  b a s i r  of  ;ho f i n d : n r  fo r  compvrito ologn, would bo of r a th e r  important  
coneequcnco. As compared with thf ccnpositf. wings i t  should be noted t h a t  
the char (je in  tne Ket> content  in the- range of 15,7 to ? l f? Pr-r c e n t ,  according  
to f ig u ru s  14 anc 15 would r e s u l t  in a change of  only 0 ,5  ohn.cm in a t o t a l  
Of about 4,6 ohm corresponding roughly to 11 per . s n t .
2 , A , /
Mod,- if  o]ag r r e p -ir-itioiu Tne mod': of ^ r e - t r - a t r . e n t  o f  the s lag-form ing
connzitu* nta  and the p repa ra t ion  of s l a g s  was 
identin .il  with  tha t  descr ibed  fo r  the con - 
duct  i v i t y  t«=t5  vi th th -  e«B |e rH i»n  r a w  of the s la g s  t e i n g  a l so  the same.
F-mi T,f-r ‘ a .  V i r . w - w ' - r .  A commerci a l l y  a v a i l a b l e  v i s e o m c t o r  o f  t h e
v »* w , .j ■ ■—-—— - ..............—
c o n c e n t r i c  v y l in i e r  type uoing a r o t a t i n g  in ne r  
c j l i n d 'T  it." the Brookfield which was s e ie c tc d  fo r  
UEO f n r  vlBCori  ty  . „ .u n  ■, nt,-.. VI,! „ - iui,-m- n t  6 ivo» r e a s o n a b l y  p r e o t . *  
r t r . u l  to  f o r  v i R ^ n l t y  much « , , ■  r a p '  ' l y  than any o t h e r  v , a » u r i n g  d c v i c e .  I n  
pr.’ r c i ; . ] ^  a p in  .ill" f o r w .  Ihf i.-mcr c y l l n . i » r  r o t a t i i . l t  i n  th e  M l  t e n
B ln r  -I'rl l.l.c .-.hr.-.T l o r e  o r  v l i - c o u r  -I:'..,; e x e r t ' d  by t h e  t i l a p  c a u s e s  th e  i n n e r  
oy l in , ! -  , to  1 , r  V h t - . d  t h e  main ' Ivlve . h a f t ,  and the  c o n p l i n p  to  which t h e  
l „  r  t, t  iclie'l • In e q u l H h l i . l i  ' h e  rc.-n t o r t  ng f o r c e  f r o n  t h e  s p r i n g  
e q u a l n the  f o r . ; , ,  rfo.m.-.ed by t h e  v i g o u r  d r , ; ;  c.n the  I n n e r  c y l i n d e r .
A p o i n t e r  a t t  . -hed to  the  , r i ve: :  a n  i m l t - a t l e n  o f  the  mn.milud,,  o f  the  
;i  a t , , ort.ee b„- the  : : p r i „ f  and I h t r  can  ie r e a d  from tho p o s i t io n  Of
in.: p ' u n t ' - r  a, - / i inni a gra lnatod n.:.-.1'-.




















—  2  *J ~
'l" e i n n e r  c y l i n d e r  nt.Inched to the  s p i n d l e  o f  t)if. v icco .ne tov  wa .^ con­
s t r u c t e d  c f  p l a t i n u m  be j n r  nrn l e n g t h  by 16 ::m d i a m e te r  and w a l l  t h i c k n e s s  
1 , 5  imn. P , r t  o f  the  s h a f t  exposed  to the  hiRh t e m p e ra tu re  was made a l s o  o f  
p l a t i n u m  and the  r e m a in d e r  o f  in c o n e i  a l l o y .
The o u t e r  c y l i n d e r  was a  p l a t i n u m  c r u c i b l e  o f  i d e n t i c a l  d im ens ions  a s  
t h a t  d e s c r i b e d  e a r l i e r  f o r  use  i n  t i e  c o n d u c t i v i t y  t e s t s .  S i m i l a r l y ,  i t  was 
s u p p o r t e d  by a c a s t  a lumina  o r  f i r e b - l c k  b a re  s e a t e d  on the  to p  o f  a  m u l l i t ©  
tube  which  co u ld  be r a i s e d  o r  lowered i n t o  the  h o t  zone of the  f u r n a c e .
b j /  F u r n a c e .  The f u r n a c e  and a n c i l l a r y  equipment  used  f o r  the  v i s c o s i t y  
t e s t s  was the same a s  t h a t  a p p l i e d  in  the measurement  o f  
e l e c t r i c a l  c o n d u c t i v i t i e s .
C a l i b r a t i o n  o f  v i s c o m e t e r .  because  o f  t h e  narrow range  o f  s l a g  c o m o r i l i o n
t h e  c a l i b r a t i o n  was p e r fo rm 'd  a t  a  c o n s t a n t  speed
o f  12 rpm o f  t h e  v i s c o m e t e r  s h a f t  u s i n g  th e  f o l l o w i n g  c a l i b r a t i o n  o i l s  x 
S -  600 Type and f  -  60 Typo AETM o i l  s t a n d a r d s  (Cannon I n s t r u m e n t  Co, Ub/i) .
The c a l i b r a t i o n  was c a r r i e d  o u t  a t  v a r i o u s  t e m p e r a t u r e s  i n  a  t h e r m o s t a t i c  -  
c o n t r o l l e d  w a t e r  b a th  u s i n g  a  b r a s s  c r u c i b l e  of i d e n t i c a l  dimension© to  th a t  
o f  t h e  p l a t i n u m  c r u c i b l e  o f  th e  h ig h  t e m p e r a t u r e  t e s t © .  Deta i l© o f  the 
c a l i b r a t i o n  a r c  g iv e n  i n  T a b ] ,  11-6  and th e  c o r r e s p o n d i n g  c h e r t  1© shown i n
f i g u r e  27•
jted, „ f  to ro id .,vab lo  bnV-llnR w»= c x p e r l .n c d  with « « e  o f  the
nlnfu- d u r i n g  the  mel t ing-down p e r i o d .  The e v o l u t i o n  
o f  b u b b le s  o c c u r r e d  i r r  ■•p.-ctlve o f  th e  co m p o s i t io n  o f  th e  g a s  a tm osphere
. b o , ,  tne  m e l t  g e n e r a l l y  „  p r e s e n t e d  by a f low o f  25 t o  JO c e /m ln  hydrogen  
and 1?C0 to  1500 cr / ro in  n i t r o g e n  o f  s j r - c t r o f . i a r h i c  p u r i t y .  The b u b b l i n g  
phor.on-non, to  wi. 'ch f u r t h e r  r e f e r e n c e  w i l l  be made l a t e r ,  d id  n o t  p e rm i t  
r e a d i n g : ’ to  be t a k e , ,  i n  belli t h e  h e a t i n g  and c o o l i n g  c y c l e s  o f  t h e  i n d i v i d u a l  
t e s t s ,  f o r  sake  o f  u n i f o r m i t y  o f  the  o p e r a t i o n  a l l  s l a g s  were h e a t e d  t o  a 
maximum t e m p e r a t e , ’, ( abou t  i V t l  above l l d u i d u s )  and the  v i s c o s i t y  va lv .es  
were r e c o rd e d  on ly  w hi t ,  th, s l a g  was c o o l i n g ,  l u r i n g  th e  c o o l i n g  c y c le  th e  
f o r m a t i o n  o f  bubb les  a p p e a r e d  to  be f a r  l e s s  pronounced o r  even have  c e a s e d .
The r e p r o d u c i b i l i t y  o f  the  m easurer jenIs  woo en su red  by p o s i t i o n i n g  
th e  top „ t  the  s p i n d l e  In a l l  t o r t s  10 mm below the  s u r f a c e  o f  t h e  m o l ten  s l a g  
in  th e  p l a t i n u m  c r u c i b l e .  All v i s c o s i t y  t e s t s  wore c a r r i e d  o u t  a t  12 rpm of 
th e  s p i n d l e  which g a v e  IIVN r e a d i n g s  s u f f i c i e n t l y  h igh  even a t  t h e  low
Table I I
Table
7 ,  V i v c o n i  L ien  o f  n y n t h o U c  /. I 'wr, .
S l a g  numb,• r  V i ocor: t t y ,  ( pc  1 )
1 /,0 0 °C
1 3,YC 2 ,7 0
2 ; \ 7 0 1 ,9 0
3 ?,%) 1 ,7 5
/, 4 , ^ 3 , w
5 ? ,5 0 1 ,40
6 3,0!) 2 ,5 0
7 2 , y ) l , 5 o
6 ? #00 1 ,4 0
9 4 ,3 0 3 ,0 0
10 1 ,8 0
11 4 ,0 0 3 ,70
12 i  t'l'j 1 ,4 5
13 2 ,75 1 ,7 5
14 3,30 2 ,5 5
Vlficoni t in ; ;  o f  p l a n t i ' lftpr. .
1 3,42 2 ,9 0
O c t .  1972
2 3,32 3 ,0 2 Nov. 1972
3 3 ,32 2 ,7 5 4 / 1 2 / 7 ?
4 3 ,20 2 ,5 7 5 / 1 2 /7 2
5 3 ,35 2 ,6 9
7 /1 2 /7 2
6 3 ,40 3 , i o 9 / 1 2 / 7 2
7 3,25 2 ,65
12/ 1 2 /7 2
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Leg md . «* «r O ete  o f  e la g
• 1 O c t. 1972
X 2 Nov, 197^
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1400
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-  -
v i a o c u i i  U o n  ur.t.ck.J 1<m1 w i t h  t.!i • v r . l i .V i  v«• Iy  amri l l  chan/ ' / 'C ( i f  !> t o  1 0  p o i ) 
i n  v i n c o n i t y  o n i ' u i i w :  f r o m  l,h<■ 1 imi It i  r h a n r / . o  o f  r . la,1' c o m p o n i  l i o n  i i i v e L t l # i t e l *
Th'j r c i v u l t o  g i v i ' t i  f o r  v . ' n c o r i t y  v n l n o o  o b t a i n e d  a t  I 4 0 O C arid 1 4 ^ 0  C a r o  
c o m p i l e d  i n  T a b l e  ! 1 - 7 .  K i g u r v r  PO t o  % rho w c h a i r - : ' ,  i n  v i n c o n i t y  in  p o m e  
v c r n u r .  t e m p e r a  t u r e  a n d  l o r  o f  v i n c o n i t y  vr-rimr, r e c l p i - o c a l  o f  t e m p e r a t u r e .
T h e  r e l a t i o n  f o r  p l a n t  r l a p . :  o f  oompor. i t  i o n  i d e n t i c a l  w i t h  t h c p a  u u e d  i n  t in  
c o n d u c t i v i t y  t e n t . : ’ a r e  p l o t t e d  i n  f i g u r e  M »  U ‘G r e l e v a n t  d a t a  b e i n g  c o m p )  l e d  
i n  T a b l e  1 1 - 0 .  f o r  r a k e  o f  , an  i d '  c o m p a r i n o n  t h e  di  n c u r n i o n  o f  t h e  r e s u l t s  
o f  t h e  v i n c o n i t y  t e n I n  w i l l  f o i l o w  t h e  name p a t t e r n  w i t h  s l a g  g r o u p i n g s  
i d e n t i c a l  w i t h  t h o s e  g i v r  i n  ( h e  d e s c r i p t i o n  o f  t h e  c o n d u c t i v i t y  s t u d l c n .
a . /  H . n n l t -  o b t a i ne d w i t h  ry .11 , i d c . a j - . L ' i ^
F o r  t h e  s a k e  o f  c o n v e n i e n c e  t h e  v i n c o . d t y  v a l u e s  a r e  g i v e n  a t  f a x e d  
t e m p e r a t u r e s  ( 1 4 0 0 * , . :  a n d  1 i n s t e a d  o f  a t  s p e c i f i e d  t e m p e r a t u r e s ,  s a y  
y ) ° o r  K>;>°C a b o v e  t h e  1 i q u i  i u u .
C r 0 .,n .  1 . K o u t i o i .  k  :i v h c o . i l y  a n d  b a n  i c i l y  r a t i o  a t  c o n s t a n t  KgO a n d
FoO a n d  v a r y i n g  CaO an d f i O ? c o n t e n t s .
F i g u r e  ; , r ,  i , . : l i c a t ,  r  t; a t  t h f  v i r r o c i t y  d e c r e a s e s  w i t h  t h e  i n c r e a s e  
I n  t h e  Cx". con ten t a d  i n  t h  • l a . i c i t y  r a t i o .  T h e  d e c r e a s e  i s  s i g n i f i c a n t  u p  
to  a b o u t  l b  per c e ,  t  C - «  c o r s e s ; o n l i n e  w i t h  a n  a p p r o x i m a t e  JO p e r  c e n t  c h a n g e  
in  v i s c o s i t y ,  t u t  *J U CoO c e n t  n t s  b e t w e e n  1 6  a n d  19 per cent CaO i t  l e v e ls  
out a , a  d r o p s  t o  a l o w  c h a n c e  of  5 per c e n t ,  a s  r e fe r r e d  to t h e  s t a r t i n g  
v i s c o s i t / .  T h e  l i n u i . i i . s  t e m p e r . , l u r e  do  t o  m l  n a tio n s  b a r e d  on v i s c o s i t y  
m e a s e r o n i  s i n  s h o w  t h e  s a m e  e l . : , , , , -  a s  t h a t  o -toined from co n d u c tiv ity  t e s t s .  
C r o u p  1! ■ P e l . - , t i e , S h i p   .........................  "d b a s i c i t y  r a t i o  with co n s tan t
CaO nr.'l F,-:i b u t  MgO i n  t h e  c l n g .
Thin r v l n  i i o n - h i p  • own i n  " u r a r c  An w ith  th e  r e s i s t i v i t i e s ,
th e  e f f e c t  o f  th e  Chang In Mr" c o n t e n t  on t h e  v i s c o s i t i e s  i s  more pronounced 
than  -he I. -,r CaO. J n c r m i n g  the  OgO c o n t e n t  from 15 t o  19 p e r  c e n t  w i l l  d o -
c r e a r e  t; v i s c o s i t y  l y  a b o u t  f  pe r  c e n t  a t  M00°= and by more th a n  55 p e r
c e n t  , . t  155o°C. l o t h  M r e o r i t y  and c o n d u c t i v i t y  m r a r m v n c n t s  i n d i c a t e  a  r i s e  
i n  t h r  1 inu idux  tr : : .p"i ’. i t u n  o f  th.. r i n g .
Gr o u p  i n . !(.’ 1 u 1 i o u i ’h 1 p b- lvu <-11 v i n c o n i t y  a n d  b n c i c i t y  r a t i o  w i t h  i n c r e a s i n g
C?iO an d  vig<b t t.ii Lb-n l r l u t  n t  c o n s t a n t  I’cC) c o n t e n t .
T hi r .  g i o u p  w i t h  th.-  r i imi  1 1 nn . -o un find p r o p o r t i o n a t e  c h a n g e "  i n  t h e  
CaO a n d  KgO c o r V - n t r  m i g h t  i n d i c a t e  w h a t  c o u l d  b e  e x p e c t e d  i f  e i t h e r  t h e  l i m e  
o r  MgO a d d i  t io n: - ,  w *r . • r c p l a c c - t l  b y  a  d o l o m i  t o  a d d i  t i c n  t o  t h e  e l e c t r i c  f u r n a c e .
An w i l l  b o  o b v i o u n / . . .























































-Au w i l l  hr- o b v l o u r :  f r o m  I'b 5 7 • « Ui" f h u n / ' o  i n  v i n n o n j . t.y ir: v o r y  n i n i i l . - n  
t o  t h a t  o f  th<- j-r'c v i u u : :  g r u u j )  , b u t  t l v  r l i u >  i n  '1 i q u  vlur: t ' i n p o m t u r o  i n  much  
m or r  p r o n o iu ic e - r l ,
.G r o u l );’. M  t t v l a t .  i o n  c h i n  b o t w o - . n  v i n c o n . i  t y  an d t o t a l  i r o n  c o n t e n t  w i t h  
a n d  V .
v a i ' i a t i o n n  i n  Caf>, MpO ajxi co nl .r -n Vn,
A c c o r d i n g  t o  /yraphn and ')[) t h e  c h a n s o n  i n  v  i n c o n i  t y  a r c  v e r y  
s i m i l a r  i n  t h e  two g r o u p n .  Id v ^ r t h - ' l <  : , b y  c o m p a r i s o n  w i t h  t h e  p r e v i o u s
t h r e e  g r o u p s  i t  w o u l d  app-  a.r t h a t  t h e  v a r i a t i o n  i n  t h e  M )  c o n t e n t  h a s  a n  
e v e n  m o r e  c i m  i f  l e a n t  i m p a c t  o n  t h e  v i c c o s i  t y  and a l s o  on  t h e  e l e c t r i c a l  
r e s i s t i v i t y  o f  t h e  s l a p ;  t i m n  - i t in r th- Cat) o r  M/’tJ co:npon« n t .  An i n c r e a s e  
o f  t h e  t o t a l  i r o n  e m i t ,  n t  f r o m  1 0 . 7  t o  I V ,  7 p e r  c u t  ( c o r r e s p o n d i n g  w i t h  
15»7 -  P 5 , 4  p e r  c e n t  KeO) w i l l  b r i n g  a b o u t  a  v e r y  s u b s t a n t i a l  d e c r e a s e  o f  
t h e  v i s c o s i t y  ( a p p r o x i m a t e l y  '/> p e r  c r . t )  a t  a t ,  I ' ip erat ur -  o f  140(1 C.
Tiie l i q u i . i u s  t e m p e r a t u r e  a s  d e t e r m i n '  d b y  t h e  c o n d u c t i v i t y  t e s t s  
i s  l o w e r e d  s l i g h t l y  w h i l e  o n  t h e  b a s i s  o f  v i s c o s i t y  m e a s u r e m e n t s  i t  r e m a i n s  
v i r t u a l l y  c o n s t a n t  t h r o u g h o u t  t h e  c o m p o s i  t i o n  r a t . g e ,
K u r t h f r  t o  t h e  i l l u s t r a t i o n  o f  t h e  b e h a v i o u r  o f  s l a g s  i n  t h e
v a r i o u s  g r o u p s  t h e  d a t a  p o i n t s  p s ' m r ' i '  i j n f i g u r e s  55 -  59 h a v e  b e e n  re
p l o t t e d  i n  a  q u a s i - t e r n a r y  Me: >- ( tf a  r .g  -) -  . • plsaru d i a g r a m  a s  s h o w n  i n  
f i g u r e  4 0  an d 4 1 ,  f o r  v i r t c o s i  t i e r ,  a n d  ' 1 e c t  r i c a l  c o n d u c t i v i t i e s .  The g r a p h s  
i n c o r p o r a t e  a l : o  th<* r e l e v r u i t  l i q u i d u s  t e m p e r a t u r e  v a l u e s  b a s e d  o n  c o n d u c t i v i t y  
m e a s u r e m e n t s .  N u m b - r s  on  t n e  l e f t  o f  t h e  d a t a  p o i n t s  r e p r e s e n t  c o n d i t i o n s  
a t  c o n s t a n t  MgO w i t h  v a r y i n g  CaO c o n t e n t s ,  w h i l e  t h o s e  on  t h e  r i g h t  o f  t h e  
p l o t s  i n d i c a t e  t h e  o p p o s i t e  c o n d i t i o n .  T h o s e  g r a p h s  c l e a r l y  s h o w  t h e  t r e n d  
o f  c h a n g e  i n  v i s c o s i t y  an d c o n d u c t i v i t y  w i t h  s l a g  c o m p o s i t i o n ,  W i t h  CaO a n d  
MgO c o n t e n t s  i n c r e a s i n g  f r o m  1 5  t o  IV Pr“r  c e n t  t h e  v i s c o s i t y  d e c r e a s e s  w h i l e  
t h e  c o n d u c t i v i t y  f o l l o w s  t h e  o p p o s i t e  t r e n d .  W i t h  i n c r e a s i n g  i o O  c o n t e n t s  
t h e  v i s c o s i t y  a g a i n  d e e r e a r e s  t o l l o w ,  d by a s l i g h t  d e c r e a s e  ir* l i q u i d u s  t e m ­
p e r a t u r e  w h i c h ,  l a t e r ,  up  t o  he  p e r  c - n t ,  r e m a i n s ,  u n c h a n g e d .  I n  t h e  p r e v i o u s  
can*.’ i t  h a s  r i s e n  f rom  1 ' 1 (> M t o  1.V*'1 ’I. The  r e s u l t s  o f  t h e  c o n d u c t i v i t y  
t e s t s  s h o w  a n  a p p r o x i  m a t e  1 [> p* r c  n t  i n o r e a r c  i n  t h e  v a l u e  w h e n  t h e  heO  
c o n t e n t  I n c r e a s e d  f r o m  .'<> In ^  p e r  c e n t .  The  l i q u i d u s  t e m p e r a t u r e  o n  t h e  
o t h e r  ha n d  w a s  l o w  r, d f r o m  1 b  ') t o  1 1 / 11 (<»
Crouj»_ V i ,  H e l a t i o n  b e t . w e n  v i s e n s i  t y  a nd  o x i d a t i o n  p o t e n t i a l  o f  s l a g .
T h e  e f f e c t  o f  t h e  o x i d a t i o n  p o t e n t i a l  o f  t h e  s l a g  c o r r e s p o n d s  
r e a s o n a b l y  we 1 1 w i t h  i t s  e l  I e c  t upon t h e  r e s i s t i v i t y .  I1 r om 
f i g u r e  4P t h e  v i s c o s i t y  i n c r e a s e s  o n l y  t o  a  v e r y  l i m i t e d  d e g r e e  w i t h  t h e
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chan/'o ol' tiu- i !iva 1 >n t  i i'un coi.I.-nl, ( f i  uin </> to about ‘J )  {.or c n t )  v.-iiilo in  
cane o f  (!<••(’ t.j-icnl coi.-iuv l . iv i  t,v t.lii ;• chan#;*.' in  l-V ' /I 'c  ’ 1 r a t i o  ha'! v i r L ’.iaJJy
no c - f f o c i .  llowovf i1, a 1'urthr r I c n  a:;!- j •. t>• , y#.' cniit' f.t br in^.: . it-oJi a
n c l i c o a b J  < im r v n r .  * v ,  v ircor:] ),o th at  l / , ( arvi i n  u c c o n l  w i t ’i tlio
d e c r c a c o  o f  t:i«- ;■ t i v : ty j.~ j t, var’ chow, it: I’i ^ i  •'!>• Tito l iquidu!? ton  ••
p e r a tu i  <' l a y  d on «*on.l'.ic t. i v i  i y  t::' ni '■n.'-t. I;: d roj:j)od fro::. 1)8^ (» to  i 5 )^5 C
w i t h  th< ■ d«-ii vt-atK- o f  th" ox id a t  j on talc; o f  the a l a / ’, i •«*!• i n c i ’ra::o o f  the
Kc
Z\ con ton t. I'ro.T . '• t.> :j ' o f  f h-.* t o t a l  i r o n  ox id e  pror.ont.  An in c r o a c o
o f  the K" * a Love r>  /  I rou^nt at out a v.’ ry v. I i/ :ht  char:/:" in  l i n u l d u n  tom -  
per'i turc  which  in  pro Vat iy  wi thi r. tho l i mi t  o f  o x p o r in v n t a l  error#  Ihe 
d e c r c a n o  o f  1, . T . wi t h  the deer,  ar.o o f  the c x i d a t i o n  p o t e n t i a l  o f  the o l a g  
ip  in  accord  wi t h  phan- dia/"ra:t. rot.r id e r a l  iot.r. p e r t i n e n t  to the q u a tern a ry  
r’eO- i c .,0 7- f''■ -,1' - f  i ^ , n y r l '  :ii. ( 5 ) .
b . /  T h e  V i ' i i a v i o t : r  o f  pi  a: t  nl
TliC v i f i c o r i  t y - t c c i p ' - i N i  t u r v  r v l a t  i o n r h i  p f o r  n o v o n  p l a n  t  c l a / . s  i s  
s h o w n  i r  f i g v : r -  .M • ':'h" t r e n d  .1 :> r a t h o r  s i m i l a r  t o  t h a t  o f  t h e  e l e c t r i c a l
r e a i n t i v i  t i »  :i w i t h  a  r o z . - w h a t  f . r v a t ' - r  v c a t  V*r  i i t  t h e  c o n d u c t i v i t y  v a l u e s .
T h i e  i n  d u e  m a i r . l y  t o  th.v pr»'V i o u r . l y  n o t e d  b o i l  i n g  p h e n o m e n o n  w h i c h  i n  t h e  
c a n e  o f  p l a n t  u l a g . i  b« ' a w  n.nro p r o n o u i : c . - d .  O n l y  a f t e r  e x t e n d e d  p e r i o d s  o f  
c a r e f u l  e q u i l i t  r a t i o n  war i t  p o / c i l  V- t o  m e a r u r e  t n e  c o n d u c t i v i t y  a n d  
v i s c o s i t y  v a l ; : ' - , : .  K i g t r e  4 %  l l l u s t  r a t e s  t n e  w s c o s i t y  r a n g o  o f  t h e  p l a n t  
B l a g , ,  ( s h a d ' d  a i - a )  a:; c o n p a i , , !  w i t h  t h o  s y n t h e t i c  s l a g s .  I t  i s  w e l l  w i t h i n  
t h e  r a r . g r  o f  t h e  tw o  * x t r e m o  v a l  tv c  o f  t h e  l a t t e r .
A c o m p a r i s o n  b e t w e e n  th< v i n c o n i  t i e s  o f  p l a n t  s l a g  ( d a t e  : 1 . ’/ 1 2 /  7 ? )  
a n d  c y n t h ,  t i c  r l a g  Mo-1 o f  v e r y  s i n t i  1 » r  c o m p o s i t i o n  i s  s h o w n  i n  f i g u r e  4 4 .  
C o n s i d e r i n g  t h e  d i f f i c u l t i e s  o f  m e a s u r e m e n t  w i t h  o c m i - q u i e s c e n t  s l a g s  t h e  
a g r e o n . - i t  b e t w r n  th<- m e a s u r ' d  v . a lu . ' S  i s  r e a s - o n a V l y  g o o d .
W i t h  t h e  s . y t i t h " t i c  s l a g s ,  i n c n - a s . i t > g  t h e  s i l i c a  c o n t e n t  w h i l e
k,.c p | IU! o '* ,  r   I -  , , . l : , t i v . . | y  com-hmt (■!'nrr.-.r.inp l « « i c t t y  r a t i o )
I n c , a : - , . ' I  U.-  v i n c o r . l t ,  n a . l l w  H r r .  V,  nh,l  16 f o r  R r o u p c  1
j ; ) .  Tli.' n.'iii- r . . l . ' . l i o n : h i | i  I:, r.howi. i n  f l c m v  4V f o r  u y n l . l m l . i c  " l a g  
N o - 4  „ p l . - r l  r . l .u :  , k . , 1 4 / V / r .  K l . l l n r l , ,  tl.<- v i „ c o B i t . , . , l o c r c n r . i n r  
o f f c c l  o f  Hi.' i n e n - n m .  ol '  th .  i , l . „ v  c o n t . n t  i n  a  p l a n t  n l a R - n y n t h o t l c
B i n g  r e l a t i o n  i »  i 11 u s  t r a t ,  ^ i n  f i ^ . t v  4' ' .
No r e l a t i o n s h i p  c o u l d  b e  e s t a b l i s h e d  b e t w e e n  v i s c o s i t y  a n d  
o t h e r  v a r i a b l e s  i n  t h e  e a s e  o f  p l a n t  s l a g s ,  m o s t  p r o b a b l y  b e c a u s e  o f  t h e
n a r r o w  e o n i p o s i t . i n n / . .  •

n a r r o w  c o m j o r i t i o n  i . i n / T , I. ik«*wJGO, i r i f l i c a i f i l  a t  r l i c r ,  t h e  f(i wau n o  
r e l a t i o n s h i p  f o r  r r r . i i s t J  v i  l.i oz; o n  a c c o u n t  o f  t h n  ran dom  p a t  t e r n  i n  c h a n ^ o  
o f  t h e  z s l a g  c o m i ' o n c n  tzj .  Jn t i l l : ;  rez.pr t: L t h o  l i m i t e d  c i ^ n i l  i c a n c o  o f  t h o  
v a r i  ' i t  i on:: i n  b o  11 > t o t a l  i r o n  ;ir:d M,"^ ' ('■(>”■ *' ‘M tz’ i s  p a r t i c u l a r l y  n o t e w o r t h y *
J u d e  d h y  t h e i r  e l ’f r e t  o n  s y n t h e t i c  z;l i;':' the r o l e  o f  t h e s e  two c o m p o u n d s  
w o u l d  l;e c x p c c  tod  I o Ito m ore  i m p o r t a n t  i n  t h e  p l a n t  s l a f / s .  L a t e r  i n  t h e  
d i s c u s z ’ i on  o f  o p t  .1 i:;i . n a t i o n  t u i s ,  az’p c c t  w i l l  h e  d e a l t  w i t h  i n  m o r e  d e t a i l  • 
N u m e r i c a l l y  t h e  «h.in<?«' o f  Kr() c o n t e n t  i n  t h e  r a n ^ e  o f  1 5 , 7  t o  ' / l t P. p e r  c e n t
( i . e .  t h e  r tmt fo  o f  Fe() i n  pi -  t  s la^e' .  1 nv"z; t  i^ra t e d  j a c c o r d i n g  t o  f i g u r e s
38  a n d  39  w o . i l d  V«- r q u i v a l «  n t  t o  a  v i s c o s i  t y  c h a n / y  o f  1 p o i s e ,  t h a t  i s  a  
2 9  p e r  c e n t  charif;- a t  1 4  :0Ci ' .  i n  c o m p a r i s o n ,  t h e  e x t i - e m e  v a l u e s  r e p r e s e n t e d  
by n l a ^ s  d a t e d  N o v .  1 a«.d y. 'i r / ’f? s i  ow a d i f f e r e n c e  o f  o n l y  0 ,1  p e i n e  
( s e e  f i % ,  5 4 . )  a t  t h e  sar.;<.: t e m p e r a t u r e .  K u r t . he;-  i t  i s  n o t e w o r t h y  t h a t  t h e  
naxin.ufi; d i f f e r e r . e e  i n  v i s c o s i t y  v a l u e r ,  a t  1 4 0 0  C i n  t h e  c a s e  o f  p l a n t  B l a g s  
i s  n o t  m o r e  t h a n  0 , 5  p o i s e  f r o m  a  t o t a l  o f  3,t> poizu.*,  t h a t  i n  l e s s  t h a n  9/^,
d e s p i t e  t h e  s i z e a M e  v a r i a t i o n  i n  o l a &  c o n . p o z s i t i o r . .
Th e  fo.'^mir'.g o f  s l a g z ; ,  c l i a r a c t c  r .i s t i  c o f  t h e  s y n t h e t i c  b u t  p a r t i c u l a r l y  
n o t i c e a b l e  i n  p l a n t  s l a ^ s ,  i s  ?. w e l l - k n o w n  a n d  b y  no  n.ean.* a n  i s o l a t e d  
p h e n o m e n o n .  A lthou rh  t h e r e  a r e  c o n f l i c t i n g  r e p o r t s  i n  t h e  l i t e r a t u r e ,  i t  i s  
g e n e r a l l y  a g r e e d  t h a t  a  h i g h  s i l i c a  e o n U n t  o r  b a s i c i t y  l e a n  t h a n  2 i s  
f a v o u r a b l e  t o  f o a m i n g ,  t h e  n o  a c t i n g  as, a  s t a b i l i s e r  i n  f o a m  f o r m a t i o n .
The e f f e c t  o f  FcC i s  i n  i t s  a b i l i t y  t o  i n c r e a s e  t h e  o x i d i s i n g  p o w e r  o f  th e  
s l a g  r e s u l t i n g  i n  a g r e a t e r  g a s  e v o l u t i o n .  Thun i t s  r o l e  i s  p r o b a b l y  more
i n  i n f l u e n c i n g  t h e  v o l u m e  o l  g . t»  an d t h e  r a t e  a t  w h i c h  i t  i s  p r o d u c e d . (  6  )*
C h a r g e s  c o n t a i n i n g  c h r o n i u m  a p p e a r  p a r t i c u l a r l y  t r u o b i o s o m e  i n  c a u s i n g  f o a m i n g  
w h i c h  tray b e  d u e  t o  i n c r e a s e d  v i s c o s i t y .  An t h e  f u n d a m e n t a l  i n v e s t i g a t i o n s  
o f  Coop-  r  a n d  K i t c h e n e r  i n d i c a t e d  ( / )  t h e  foam l i f e  i n c r e a s e d  g r e a t l y  w i t h  
i n c r e a s e  o f  b u l k  v i s c o s i t y  w h e t h e r  t h i s  w a s  b r o u g h t  a b o u t  b y  f a l l  o f  t e n  -
p e r a t u r e  o r  b y  d e c r e a s e  i n  t h e  ( 'a O /V it ' , ,  r a t i o .
C o m p a r i s o n  o f  r - e s u l  t s  w i t h  e n r l  i - T  w o r k .
V i s c o s i t y  t e n t ! !  c a r r i e d  out .  b y  V. I', l o n f . i l  ( b ) w e r e  c o n d u c t e d  on 
f u l l y  o x i d i s e d  s l a g s  h a v i r j g  a  rnjch w i d e r  c o m p o s i t i o n  r a n g e  t h a n  t h o s e  
d i s c u s s e d  i n  t h o  p r e n o n t  w o r k ,  Howi v e r ,  two o f  t h e  s l a g s  a g r e e  f a i r l y  w e l l  
i n  c o m p o s i t i o n  an d t h e  r e s u l t s  o b t a i n e d  w i t h  t h e s e  s l a g s  may b e  u s e d  f o r  
t h e  p u r p o s e  o f  c o m p a r i n g  t h e  two s e p a r a t e  m e t h o d s  u s e d  i n  t h e  i n v e s t i g a t i o n .  
T he  c o m p a r i s o n  i."> zihown ir: T a b l e  1 1 - 9 .
T a b l e
-  ?H  -
Ah uhown in  i.ru T a h lo ,  at, ^0 °(t at-ovo 1 tqu  j imr. tf.mpf-fa t uj , i . e .  a t
a  p o i n t  whore* the  r a t e  o f  change in vi. ' .coni ty w i th  el.an/je o f  tempera  to  re  in
becoming I o c s  s i f ^ u  1' i c a n t , the  dj (T erence  ' n vi ::eoi: i t.i e:i in  ??. }>f r c en t  and 
?4 poi- Cent ror.pee L i v e ly .  At .’’O C above- ] .i 'p i idoo tempera to v  in  Car.e n no 
r e a s o n a b l o  v a l u e r  cou ld  be ti,. v a v o d  in tne p r e s e n t  i e v e o t i R a t i o n ,  w h i le  in  
Case B th e  d i f f c r e n e e  in  a.zain pe r  c e n t .  At 100°U above l i q u i d u r  t e n  -  
p o r a t u r e  in  Case A the  d i f f e r e n c e  i s  i’Y p e r  c e n t  w h i le  i n  Cane is, p ro b a b ly  
duo to  some o x i d a t i o n  e f f e c t ; ' , on ly  11 p e r  c e n t  war. found.  Al though the  
number o f  s l a ^ r  i r  v e r y  l i m i t e d  to draw a g e n e r a l  c o n c l u s i o n  from th e  v a l u e s  
g iv e n  in  the  t a b l e ,  th e  i n d i c a t i o n  i s  t h a t  a p r o b a b le  av e rag e  d i f f e r e n c e  o f  
22 t o  ?’l p e r  cen t  Plight e x i s t  between the  v i s c o s i t i e s  de te rm ined  by th o  two 
e o p a r a t e  methods ,  the  h i g h e r  v a lu e  co in #  r e p r e s e n t e d  by th e  f u l l y  o x i d i s e d  
s l a p  s a m p l e s . I n d e e d , r c v e r t i n p  rack to  f i g u r e  42 .  i t  would a p p e a r  t n a t  the  
d e c r e a s e  o f  the  F t / *  c o n t e n t  o f  the  s l a g  from 90 p e r  c e n t  t o  ab o u t  18 p e r  ceiv 
would be e q u i v a l e n t  t o  an increase* in  v i s c o s i t y  from 2 ,75  p o i s e  to  5 ,2 0  p o i s e  
a t  1 4 0 0 %  i . e .  17 per  c e n t ,  and from 1 ,7 5  po ioe  to  2 ,25  p o i s e  a t  1450 C ,
i . e .  51 p e r  c e n t .
Ac to  t h e  g e n e r a l  t r e n d  o f  t h e  e f f e c t  o f  the  v a r i o u s  s l a g  cor. -  
e t i t u c n t s  upon th e  v i s c o s i t i e s  Ur* f i n d i n g ; o u t l i n e d  by V.P.  B onf i l  seem to  
be i n  f u l l  a c c o r d  w i th  the  p r e s e n t  i n v e s t i g a t i o n  i r r e s p e c t i v e  o f  th e  
d i f f e r e n c e s  i n  t h e  ox ide  t i e r  p o t e n t i a l s  o f  the s l a g s  i n v e s t i g a t e d .
Summaricung b r i e f l y ;
a . /  I n c r e a s e  o f  b o th  CaO and MgO c o n t e n t s  d e c r e a s e s  the  v i s c o s i t y
and i n c r e a s e s  the  l i q u t d u s  t e m p e r a t u r e , the  l a t t e r  b e i n g  more 
n o t i c e a b l e  w i th  the i n c r e a s e  o f  th e  MgO c o n t e n t .
b . /  A d d i t i o n s  o f  KeO markedly  l e v e r  the  v i s c o s i t y  b u t  up to  26 *
FeO non t e n t  o f  the  r i n g  a f f e '  s l i g h t l y  t h e  1 ; q u i c u s  tem­
p e r a t u r e  which tends  to  b'- 1 . f u r t h e r  af! ' h o  l' e0  c o n t e n t  i s
r a i n e d  to  a maximum o f  55 p e r  c en t  in  * r - c n o n t  range  o f  s l a g
. o m p o s i t i o n r .
c . /  A n im ul tanrouf i  in c re a n f  o f  the  (VA and Xg <*o;-tonto from 28 to  
J 7 p e r  c e n t ,  i . e .  the  c o n d i t i o n  o f  u s i n g  d o lo m i te  as  f l u x ,  d e ­
c r e a s e s  the  v i s c o s i t y  but. b r i n g s  abou t  a  70°C r i s e  in  the  
l i q u i d u n  t e m p e r a i u r o ,  th a t  in  the  r e f r a c t o r y  c i u i r a c t o r  o f  the  
r i l ag  w i l l  he i n c r e a s e d .
Comparison w i th  d a t a  f o n . r ,d„Lr^he_l
A d i r e c t  eumpaj i son o f  th e  r ,,s u l t s ,  wi ti. l i t e v a t . u r e  d a ta  i c  made d i f f i c u l t
h v  t h e  f a c t / . . .
-  r>9 -
b y  t h e  f a c t  t h a t ,  w o r k  o n  t h e  c o m p l e x  q u j t n m y  W O - C s O - H y O - l j i O . ^ M ^ O ,  r y c U - m(. C- y
I s  r a t h i T  s c a r c e ,  a n d  e v e n  t l - a t  a v a i l  a t  l e  rcJ- nV  r, m o t i t l v  t o  r y v e r - b e r a t o r y  
f u r n a c c  o 1 a g n  o f  con»i<i<- / -ab)  y  d i f f e r e n t  c o m p o s i t i o n  f r o m  thi  e l  a g e  o f  t h e  
r e f f r c n c e  f u r n a c e s .
l l i g g l n : ;  arui . 'one: :  ( 9 , 1 0 )  c a r r i e d  o u t  c o r . p r o h o r i c l v r  i i . v e c t i g a t i o n s  
0 1 1  t h e  v i s c o c i  t i e r  o f  i i l u x i e n i a n  c o p p e r  u m o l t i n g  :>]a g o  i n v o l v i n g  t h e  a b o v e  
f i v e -  c o m p o n c n t r .  I n  s p i t e  o f  t h e  g j  e a t  d i f  f c r e n c c  i n  c o m p o s i t i o n  r a n g e  
t h e i r  f  i n d i r  jr .  a r c  r e l e v a - .  * t o  t h e  p r o  r,or t  e t u d y , Thu a t h e y  n o t e d  t h a t  
t h e  a d d i t i o n  o f  u j  t o  I f .  p e r  c e n t  c a u s e o  a  c o n t i n u o u s  r e d u c t i o n  i n  
v l s c o u i t y  a n d  a l r o ,  V;ie a d d i t i o n  o f  f e r r o u r s  o x i d e  d t i o r o a s e c  v i s c o s i t y  
m a r k e d l y  t h r o u g h o u t  t h e  w h o l e  t e m p e r a t u r e  r a n g e  o f  i n v e c t i g ; i t i o n .  F u r t h e r ­
m o r e ,  t h e  r e p J a c f : r . i - n t  o f  CaO by i'U<> a t  f i r r t  r e d u c e s  t h e  v i r > n o n i t y  a n d  l o w e r s  
t h e  l i q u i d u G ,  b u t  w i t h  i n c r e a s i n g  ix . . -p la cem en t  b o t h  v i s c o s i t y  a n d  l l q u i d u s  
t e m p e r a t u r e  a r e  i n c r e a s e d . I ' e r t a i n i n g  t o  t h e  e f f e c t  o f  f e r r i c  o x i d e  i t  w a s  
f o u n d  t h n t ,  i n  a c c o r d  w i t h  t h e  p r e u e n t  y t u d y ,  t h e  i n c r e a s e  o f  t h i n  compouriu
i n c i e a s e d  th<- v i r . c o u i t y .
T h e  w o r k  o f  P .  B i l l s  ( 1 1 )  o n  t h e  3 tune q u i n n a r y  s y s t e m  i o  p a r t i c u l a r l y
i n i e r e c t i n g  w i t h  r e g a r d  t o  t h e  e f f e c t  o f  t h e  FeO w h i c h  w a s  a d d e d  u p  t o  a b o u t  
2 7  p e r  c e n t  b y  w e i g h t  t o  t h e  s l a g .  A r e g u l a r  d e c r e a s e  i n  v i s c o s i t y  o f  s l a g s  
c o n t a i n i n g  u p  t o  a b o i t  l b  p e r  c e n t  f e r r o u s  o x i d e  w a s  f o u n d  a n d  u p  t o  a p p r o x .
8  p e r  c e n t  FeO c o n  '.on t t h e  f e r r o u s  o x i t i e  c o u l d  r e p l a c e  m a g n e s i a  o n  a  m o l a r  
b a s i s  w i t h o u t  e f f e c t i n g  t h e  v i s c o u s  p r o p e r t i e s  i n d  e a t i n g  t h a t  n o  s t r u c t u r a l  
c h a n g e r  o f  t h e  s l a g  w e r e  i n v o l v e d .  At  h i g h e r  f e r r o u s  o x i d e  c o n t e n t s  t h e  
e f f e c t  o f  t h e  a d d i  t i o n  o f  m o r e  1 eO a p p e a r e d  t o  b e  n o  l o n g e r  e q u i v a l e n t  t o  
t h e  a d d i  t i on  o f  K g ' .  Ths  l o g .  v i s c o s i t y  v a l u e s  ( p o i s e )  g i v e n  f o r  s l a g s  c o n ­
t a i n !  r g  f . , 5 - 7 * 1  p e r  c e n t  M/<), < ' , ^ - 7 , 0  p e r  c e n t  A l ^ O y  1 6 , 6 - 1 0 , 2  p e r  c e n t
CaO,  4 5 , 5 - 4 7 , 0  an d F(‘°  w,'v e  r e p o r t e d  u 8  f o l l o w s :  a t  1 4 0 0  C
O / . l f t  -  0 , 7 9 9 ;  a t  W m : O ^ m;? -  U , y U ,  t h a t  i s  c o n s i d e r a b l y  h i g > i e r  t h a n
t h o s e  o t i t a i n e d  i n  t h e  p r e r . f  : i !. s t u d y .
I r c h a n o v  am ;  G u c h k o v  (1 ') s t u d i e d  t h e  v i s c o s i t i e s  a n d  e l e c t r i c a l
c o n d u c t i v i t i e s  o f  s l a g s  r o e  v m b d  f o r  t h e  e l e c t r i c  s m e l t i n g  o f  c o p p e r  
c o n c e r t  r a t e n ,  Hov/. v e r ,  t h e  c o n c e n t r a t i o n  r a n g e  o f  t h e i r  s l a g s  w a s  v e r y  
d i f f e r e n t  f r o m  t h a t  o f  t h e  s l a g s  i n v e s t i g a t e d  i n  t h e  p r e s e n t  s t u d y ,  w i t h  
much h i r h . - r  FeO ('S'j t.o 44  I"'r c e n t )  am i  l o w e r  CaO { ?  t o  1 0  p e r  c e n t )  c o n t e n t s .
T h e  v a r i e d  b e t w e e n  4 «  t o  rp  p e r  c e n t ,  t h e  a l u m i n a  c o n t e n t ,  a r o u n d  1 0  p e r
c e n t  and n o  K,-<> w n s  u s e d  a s  a  r l a g  c o m p o n e n t .  An w a s  e x p e c t e d ,  tmd i n  
a g t  '.einen t  w i t h  t h i s  s t u d y ,  t h e  r v p l » c e m e n t  o f  FeO b y  CaO i n c r e a s e d  t h e  
v i s c o s i t y  a n d  d e c r e a r e d  t h e  e l e c t r i c a l  c o n d u c t i v i t y .  Th e  v i s c o s i t y  v a l u e s  
g i v e n  by t h e r e  a u t h o r ' s  w e r e  v e r y  h i g h ,  I-' t o  9 0  p o i s e , a s  w e r e  t h e  c o n  -  
d u c t i v i  t i e s ,  r e a c h i n g  0 , 7 4  ohm” 1 . - m r 1 v a l u e s .  The m o s t  s u i t a b l e  s l a g
c o m p o s i t i o n  f o r  t h e / . . .
-  JO -
compo::.i Lion 1 o r  Uu- o lo c L r i  <:a] tmiol o f  coppo r  c o n c e n t r a t e  wan found to
b e i -  u i 0 o 4 0  t o  \j()t ](.), Kc.'O J o , t o  4t>* <'a0 4  to  6 p e r c e n t , the
' j
a lu m in a  c o n t e n t  a round lo  p e r  c e n t ,  r a t h e r  hard  to e n v i s a g e  f o r  e f f e c t i v e  u sage
i n  t h e  r e f e r e n c e  f u r n a c e ; ; .
While th e  d i r e c t  comp.ar.ihon w i th  d a t a  p u b l i s h e d  i n  the  l i t e r a t u r e  i s  
somewhat d o u b t f u l  on a n u m e r ic a l  o r  a b s o l u t e  v a lu e  b a s i s ,  the  t r e n d  im p a r te d  
by t h e  e f f e c t  o f  the  v a r i o u s  r  l a g  const .!  t u e n t s  upon v i s c o s i t y  o r  e l e c t r i c a l  
c o n d u c t i v i t y  can Vo judged w i t - . s u f f i c i e n t  c l a r i t y .  T h i s  i s  the  more im p o r t a n t  
p o i n t  s i n c e  the r.-.ngni fudv o f  num er ica l  v a l u e s  is. o f t e n  the  m a t t e r  o f  th e  e x ­
p e r i m e n t a l  t e c h n i q u e  employed by the  v a r t o u  ; i n v e s t i g a t o r s  and in  no c a s e  
cou ld  i t  be r e g a r d e d  as  a b s o l u t e ,
2 . J .  Knergy o f  a c t i v a t i o n .
In  t h e  a r c 'T s in e n t  o f  phys i  co-ehcm ’ cal  b e h av io u r  o f  s l a g s  t h e  knowledge 
o f  t h e  ene rgy  o f  a c t i v a t i o n  might  be o f  some im p o r ta n c e .  I n  e l e c t r i c a l  
c o n d u c t i o n  i t  r e f e r s  to  one mole o f  c o n d u c t i n g  e n t i t y .  A ccord ing  to  B o ck r i s  
c t  a i . ( l j )  a  c a t i o n  M? * can be re g a rd ed  as e x i s t i n g  i n  an "e n e rg y  w e l l "  i n  
th e  i n t e r s t i c e s  o f  t h e  s i l i c a t e  s t r u c t u r e  o f  the  s l a g ,  the  h e i g h t  o f  t h e  
ene rgy  well  b e i n g  >:. The p r o b a b i l i t y  o f  the  c a t i o n  e s c a p i n g  from th e  e n e rg y  
v e i l  i s  p r o p o r t i o n a l  to exp(-K t. / i f i1) and k ^ w i l l  be reduced  by t h e  a p p l i c a t i o n  
o f  an  a p p l i e d  p o t e n t i a l ,  i l y r in g  assumes a l a t t i c e -1  ik e  l i q u i d  s t r u c t u r e  such  
t h a t  each m o lecu le  in  encaged by i t s  n e i g h b o u r s .  Thus the  fu n d am en ta l  r a t e  
p r o c e s s  o f  m o l e c u l a r  t r a n s p o r t  i s  t h a t  o f  movement o f  an atom to  a  v a c a n t  
n e ig h b o u r i n g  s i  t e , The i n t e r m e d i a t e  a c t i v a t e d  s t a t e  o f  en e rg y  maximum o r  
h igh  p o i n t  i s  repr> sr .n ted by w h i le  the  f r eq u en cy  o f  jumps i s  d e s c r i b e d  by 
the  p r o b a b i l i t y  t o r n  A. In any case  i n  a g e n e r a l  form the  s p e c i f i c  con -  
d u c t i v i t y  i s  g iv e n  by
K r. Ac
whore A i s  the  f r eq u e n c y  f a c t o r  and Hy the energy  o f  a c t i v a t i o n .  * A1 c o n t a i n s  
a l s o  ion m o b i l i t y  and c o n c e n t r a t i o n  t e r m s .  Tak ing  lo g a r i t h m s  cqu .  11 becomes
In K c! —g ' c o n s t , 1 2 , /h
assum ing  he ro  t h a t  A i s  c o n s t a n t  and a lm o s t  in d ep en d en t  o f  t e m p e r a t u r e  f o r  
a g iv en  r e a c t i o n ,  l iqua t ion  1 1 . /  e m p i r i c a l l y  deduced f o r  e l e c t r i c  c o n d u c t i o n  
by Ranch and l l in r io h so n  ( 1 4 )  i a p p r o p r i a t e l y  c a l l e d  the  R a s c h - l l i n r i c h s e n  
Law s i n c e  i t  i s  o f  la n confused  w i th  th e  A rrh en iu s  r e l a t i o n s h i p .
The flow o f  l i q u i d / . . »
T a b le  J 1 - 1 0
Flncr ^ l e o  o f  . tc t, i v a l l o r :  a n d  • ra t u n e  c o e f f i c i e n t / ;  o f  v i  c c o u n  f l o w
and e l f ' e t r i c a l  c r jndue t iv j  ty
S l a g  Kncrf^y o f  a c t i v a t i o n
N u m b e r  k c a l / m o l e
V i  n e o n 1 t y  C o n d u e  t i v  i t y
'1’e m p e n a t u r e  c o e f f i c i e n t
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14 .2  
22,8
10.0
6 .45  
9,00  
5 ,36  
6,10
10,80
8 .45  
9 ,41  
5 ,92  
8 ,57  
4 ,44  
2 ,19  
4 ,5 5  
8 ,5 0  
5 ,25
3 .57  
2 ,67  
2 ,4 0
4 . 7 8  
2,60  
1 ,77
1 .7 9  
3 ,97  
4 ,7 4  
2 ,5 4
4 .5 7
2 .3 4  
3 ,0 9
3 .3 4  
1 ,1 7
P l a n t  a l a g - ’
P a t e
o f
S a m p l e
O c t .  1972 2 0 ,7  29 ,6  4 ,53
Nov. 1972 15 ,2  4 2 ,5  ? *?0
4/ 1 2 /7 2  27 ,0  32,7  4*30
5/ ] 7/ 7 ? 2 0 ,0  7 9 ,1  5 ,0 8
7/ 1 2 /7 2  1 0 ,0  51 ,7  4 ,30
9/ 17 /7 2  75 ,5  35 ,4  2 ,5 6
1 7 /1 7 /7 7  73 ,0  37 ,7  4 ,61
-  7A
The i low ol l i q u i d  j r .  r a t e  j)ro'.c:;o and the  oxpror r ;Ion formula  ted 
f o r  1 tu ac  Liva I. i on f-rir-rp;y i r anaioi .ou;; to t h a t  lined in  c o n n e c t io n  w i th  r e ­
a c t i o n  ra to r. . Toe conn t w p u r  t o l  the  uc. L i v a t i c n  rn e r / ' y  o f  a  chem ica l  r e  -
a c t i o n  in  t h e  < i.< r.*:y maximum. ♦ n e o u n t f - r d  hy a  mo If c u ie  an i t  i n  f o r c e d  pan t
i t s  n e a r e n t  i .eipj.l  o u r n ,  i f  t hi r  ac I. i va 1 i on onerqjy in d e r o te d  byAK ^  (may 
t il  no be te rmed a:; ‘ h« linjp.hf o f  one ryy c a r r i e r  f o r  v i ocoub f l o w ) ,  t h e n  the  
f r a c t i o n  e f the mol e c u 1 eu h a v in g  (-ne rgy in  exceort o f  t h i o  amount and b e in g  
t h e r e f o r e  c^mhi <• o f  moving pan t the  r u r r o u n d i n g  m ulecu lec  in  g iv e n  by a  
4<ol t ' /mann-type  o f  ex prenn ion
A i ‘j  v  / It ti I
>| H e  ‘
o r  Ir . i]  In H t / \ K h /likT ! ) • /
1 K V,
Hence the  p l o t  o f  k  , j ^  verru;-. l / T  hue a c t u a l l y  the  cxope o f
Obvioucly^ t !,-1 lower  K o r  K t the  e a s i e r  the  e l e c t r i c a l  c o n d u c t i o n
o r  v iccouv  flow w i l l  come a b o u t .  With th< une o f  the  l o g  K o r  l o g  V] 
p l o t s  a g a i n s t  l / T  the  v a l w  n o f  K y  o r  K ,::ar‘ c a l c u l a t e d . Thun a t  two 
d i f f e r e n t  t e m p e r a t u r e s  and
V- i  % k
Kj, ‘  CXP H'  ' T? T1
1 h , 1 1 x /exp (   mr) 1 4 . /
ioK ( * - ?  " >- i )  x ? , y > ;  1 5 . /
( - 1  x 10
, -4
and w i th  the  i n c o r p o r a t i o n  o f  the c e l l  c o n s t a n t
—-  = ---------- ------ r —  -  k  e x p ( - E K/HT) 1 6 . /
J O OXp j^ fp
R e le v a n t  v a l u e r  o f  a c t i v a t i o n  e n e r g i e s  c a l c u l a t e d  from th e se  e x p r e s s i o n s  
arc* compiled in  T a b l e  11 —1 0 , which con la  in s  a l s o  the  temper atxi j c c o e f f i c i e n t s  
o f  v i s c o s i t y  and s p e c i f i c  e l e c t r i c a l  r e s i s t i v i t y  in  the  t e m p e ra t u re  i n t e r v a l  
1 y jo  to  1 4 *> °C e x p r e s s e d  by I he f o l l o w i n g  e q u a t i o n s :
ri 1 ~ V?  1 7 . /
f j  -  V ’ W
X,, - — — — --------  in-,
S (T, -  T j  V nvrr
where i, and V r e p r e s e n t  t h e  a v e r ag e  v i s c o s i t i e s  and s p e c i f i c
I avg  > avg
e l e c t r i c a l  r e s t s t i v i  t i e s / . .
•uOitVAjtO* JO Xf'JOU")
g ' uo |V A! V"’ J°• | o r / | c o n
Yj -
c l ,,c t f i  eaJ.  i’( i .•! i v i t. j i ■:■ i n In*- quo  ! • ■<! t.f-mju-rvi i.m-* r a n ('<.•« 'I lio v i n c o r  j Ly 
v<;r:-’»ur. a c t i v a t i o n  cncuvty a i d  <. l.r-i 1 i-i i ;: L i v i ty v : ; . a c t i v a t i o n  eno-rvry
r c l u t i  onc i i i  ]ic a n  c.iiown in 1'i , -a / , and ( v . t r j c l l y  f o r  l / fOO°C 1 )
A c c o r d  in." U> t h e  >.a t a  o f  i’a t i -  I I -  K) t h'  cno r/%y o f  aot . j  v a t  ion  
c a l c u l a t ' d  f  I’Oiii c o n d u c t  i vi I,, I./ ucu n  no n t:; d i - cn  ; w i t h  i n c r r  a c i n g  Cad ,
d t / |
M^ „) a n d  iV-0 Cur. I ■ n I c and <!- o n  ,ac j n#' !•'.■' / f c ' '  r a t i o n .  Too v a l u e  o f  H i n  
t h e  c o n  pan i t  i on r a n , a ' o f  1C- c l a p r ,  i n  f t  f.vcr*n It) a nd  R e a l / m o l e .
The v >  . ml  * r  f a c e d  on  y i r c o n  i t y  m. a imrc  u.'-n t n  chow c e r t a i n  d i n  -  
c n  n inei< c a n  ! , n t.’nc ( ff> : o f  c.nai.p* n i n  comjior.i l i o n  t n o  t r e n d s  o f  t h e  
a c t i v a  t i o n  era !••-/ r e m a i n  ur. -c r t a  i r. . A p a r t  fro::: : l a , ' r N o - I d  w i t h  h i g h e r  ic-O 
and  cor . t o i .  t t r a n g '  o f  tn<- •: t.c r / ry o f  a c t i v a t i o n  o f  v i ccouc .  I  low i n
between Y  a nd  koa l .m oi  < . h i l l s  (l I ) q u o t e d  an  a v e r a g e  f i g u r e  o f  45
R e a l / m o 3 c  f o r  v i a g o  o f  r i u i J a r  t y p e .
. l i n e r  t i e  c h a r g e  o f  th- v i s c o s i t y  a n d  c o n d u v t i v i t y  c u r v e s  w i t h  t e m -  
jH ir a t u r - '  car.  h e  r c r a r  led an a r r y r . r  t o  t ! <* t o  t h e  x - a x i s  ( t e m p e r a t u r e  a x i s ) ,  
t h e  v a l u e  o f  t ie -  « r . e r g y  o f  a c t i v a t i o n  w i l l  d e p e n d  t o  a  c e r t a i n  e x t e n t  o n  
w h e t h e r  t h e  l o w .  r r e f e r * ' ! . t - r . p * ' n a t u r e  f o r  t h e  y  = a x  -» b r e l a t i o r . s n i p  
wan n h o v e r , , c l o v *  t o  t h e  l i q u i u u c  t - m p c r a t u r e ,  o r  f a r  a b o v e .  I n  o t h e r  
w o r d s ,  a  d i f f e r  n t  r e m i t  w o u l d  a:  no i f  t h e  r a n g e  w e r e  c h o s e n  f r o m  s a y  
t o  1 A \  ;°::: o r  t o  i h ' / ° f .  As v i s c o s i t i e s  a p p e a r  t o  be m ore
t e m p e r a t u r e  r e j . s !  t i v *  t i . a n  c n  l u c t i v i  t i e s ,  t h i s  d i f f e r e n c e  w i l l  r e p o r t  i n  
t h e  < ro -r g y  o f  a c t i v a t i o n  v a l  u' -s  ar ! m i g h t  l e a d  t o  a n o m a l o u s  d a t a .
Th" t« m p e r a t u r * '  eo* f f i c i e n t  o f  v i s c o s i t i e s  an d e l e c t r i c a l  c o n  -
d u c t i v i t i e s  i s  im, . r t a n f  i n  J u d g i n g  t h e  b e h a v i o u r  o f  a n y  g i v e n  s l a g  u p o n  
t h e  c h a n g e  o f  t< mp* r a t  u s e .  Kron. a p r a c t i c a l  p o i n t  o f  v i e w  i t  w o u l d  b e  
a d v a n *  a g m . u r  t o  h a v "  s l a g s  w i t h  t"»  P ' - a t u n -  c o e f f i c i e n t s  a s  l o w  a s  p o s s i b l e .  
T h i s  w o u l d  f a c i l i t a t e  an e a a i - r  r e m o v a l  o f  th- s l a g  ( roin t h e  l u r n a c e  a n d  
w o u l d  a l s o  h a v .  l e s s  e f f e c t  on  t h e  e l e c t r i c a l  o p e r a t i n g  p a r a m e t e r s  o f  t h e
f u m a r ,  i f  s u b s t a n t i a l  v a r i a t i o n s  i n  t e m p e r a t u r e  w e r e  t o  b e  e x p e c t e d .
C o m p a r i s o n  I " , w e n  p l a n t  s l a g s  and s y n t h e t i c  s l a g s  P e r t a i n i n g  t o  
l I , e T f f , . c ,  V , f ' 7 ' h . " r  o l  I  w n i u m M i ' . i T w i r u p o n  v i s c o s i t y  and
< ] i i : 1 1 ’ i c  i I : i > i . d  u  f : t 1 V  I t y  .
Of  v l r w  o f  p m o f l r a l  n p p U e n U m .  i t  t o  J p o r t n n t  t o  n o .
how r.„- II" I:...................I l>."« l . i u o -o to ry  I n v - r I i , ; . . l i c o n  on Iho . f f .  A
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3,2 -  0,22
3,1 -"0 ,2 1
20 22 
f>0 por cent
o f  r. la^ ooiiipo:; j t i on on v incor . i  iy  ond conduc t iv  j Ly can l.c oompan-fl v/ i ih the  
r o l a  t i o n i ’.hi p o f  thr- oaui'■ para'in-ton; in  plant, :• Ia^n, Tiii■ main dj f  f i e u l t y  
rncour.tor’f'd w i th  th in  kind o f  comparison  a r i s e n  from thr d i f f e r e n c e  in the  
ranpe o f  tlir v a r i o u s  c o n s t i  turn i s  o f  the two types  o f  s l a p ' s , in o t i i r r  w ord s ,
In  th e  st l e c t i o n  o f  the approprint< c o n s t i  tu< n t s  as  a ref<. re nee p o i n t  f o r  
the' con.pari s o n .  Th is  .is. 11 lu s t  rata d in Tatile 11-11 in whi ch the- s y n t h e t i c  
sla^s,  art .represented  by proups I I ,  IV and V. The t a b le  shows, the p e r c e n ta g e  
v a r i a t i o r  o f  t.h<' cons  t i tih-r ts, in the r.ever* plant, s, laps inve*sti/;at,e-d and the  
r a t i f y  o f  v i s m s  i t i t s  an-l e l t c t r i r a !  o o n d u c t iv i  tjt.-s. ( l a s t  row in  the t a b l e . )  
The v a r i a t i o n  o f  t lva.e poram'.-ters in t h e  same ranpe o f  co m p o s i t io n  o f  tne 
s y n t h e t i c  s l a p s  f o r  v a r i o u s  r*T e r - -nee c o n s t i  fi.er.ts withir.  each group upon 
which the comparison between th" two ty p e s  o f  s l a g  i s  based arc  g i v e n  i n  
columns 7 and 0 o f  the t a b l e .
I t  i s  o b v i o u s  f r o m  t h e  d a t a  t h a t  t h e  v a l u e s  o f  K a n d  vj w i l l  l a r g e l y  
d e p e n d  o n  whi  c h  c o n s t  i  t u r n  I i n  t h e  r l a g  i s  t a k e n  a s  t h e  r e  t ei'C-nce f o r  c o m ­
p a r i s o n *  Vaie r e  a a i n  s y n t h e t i c  s l a g s .  th<- r e l a t i o n  o f  t h e  p- r c c n t a g c  o f  
c o m p o n e n t s  t o  e . n c h o t h e n  w i t h i n  e a c h  g r o u p  i s  a  r e s u l t  o f  c a r e f u l  p r e - c c l e c t i o n  
and a l o n g  d e f i n i t e  t r e n d s ,  i n  n l n n t  s l a g s  t h e  s a m e  c o m p o n e n t s  e x h i b i t  a  
c o m p l e t e l y  ra n d o m  v a r i a t i o n  an d f o l l o w  n o  s e t  p a t t e r n .  F o r  t h e  f u r t h e r  
i l l u s t r a t i o n  o f  t h i s ,  a s p -  o t  f i g u r e  / , y .  w a s  c o n s t r u c t e d  f r o m  a n a l y s i s  d a t a  
o f  t h e  p l a n t  s l a g s ,  Tn e  mode o f  i n d i c a t i n g  s i a g  c o m p o s i t i o n  o n  t h e  x  a n d  
y  a x e s  wan n o  t  i n t e n d e d  t o  c o n s  t r u e  t h a t  CaO, f-igO a n d  • - i 0^ a r e  b y  a n y  m e a n s  
f u n c t i o n s  o f  t h e  Frh e o n t - - n t , a a t l a  i-, i t  wa s  m e a n t  t o  sh o w  c l e a r l y  t h e  
ra n d o m  p a t t e r n  i n  w h i c h  ' h e  e o n s  hi  tu< n ts, v a r y  i n  p l a n t  s, l a g s  a s  o p p o s e d  t o  
t h o s e  i n  s y n t b a - t i c  s l a g s .  ! n t h i s  c o n  tf x t  t h e  i n d i c a t i o n  a c c o r d i n g  t o  t h e  
f  j p v^y*e i s  1 11 a t. the- f - f  e f  o f  t h e  cl  .a n g e  o i c o m - t l  t u e n t s   ^when t a k e n  s e  — 
p a r a t e l v ) u p o ’i v i s c o s i t . y  an d c o n d u c t i v i t y  d o e s  n o t  f o l l o w  t h e  1 1 e n d  th a t ,  
c o u l d  b e  e x p e c t e d  f r o m  l a !  o r a t o r y  t e n t s , .  I n  f a c t  i t  d o e s  n o t  f o l l o w  a n y  
t r e n d  a p a r t  f r o m  f l u c t u a t i n g  w i t h i n  a c e r t a i n  U p p e r  an d l o w v l  l i m i t .
From t he c o r n e a i i  son i t  becones  ev id e n t  t h a t ,  an mentioned a l l c a d y , 
g r e a t  c a u t io n  wi i 1 n a v e  to b e  e x e r e i s ' d in p r o j e c t i n g  the i c n u l t r  o f  
l a b o r a t o r y  i n v e s t i g a t i o n s  with  r e g a r d  to the r l l e c t  o f  tlx- Vaiio i .n  r i n g  -  
form ing  c o n s t  i . ' u- r.ts, on to  t h e i r  p o s s i b l e  e f f e c t  in a c t u a l  working s l a g s ,  
fj-om the data  shown 1 he large  v a r i a t i o n  in c o n d u c t i v i t y  and v i s c o s i t y  w i t h  
the  change o f  s l a g  com pas i 1 i on ar< - c o n s id e r a b ly  reduced in  p la n t  olag;,  o f  
s i m i l a r  c o m p o s i t io n s  d u e  to the p r e v i o u s l y  noted random v a r i a t i o n  o f  t ho­
n in g - f o r m in g  c o n s t i t u e n t s .  T h is  f a c t  has a l s o  an important  b e a r i n g  in  
a s s e s s i n g  th-- e f f e c t  o f  s l a g  c o m p o s i t io n  upon tne e l e c t r i c a l  c h a r a c t e r i s t i c s
o f  the f u r n a c e .  II. would i n d i c a t e  th at  the re sp on se  o f  cu r r e n t  and power
In  nut.  r a t e s / .
i n p u t  r a t o o  a n d  e l e c t r o d e ;  m o v u n i . - n t : ;  f o l l o w i n g  n h a n g ' T  i n  c l a g  c o m p o n l t j o a i  
m i g h t  b e  f a r  l o r n  i i r u t i O u n c r - d  t h a n  c o u l d  b o  p r e d i c t e d  o n  t h e  b a y i o  o f  
l a b o r a t o r y  i n e a n u r v  m i  n  t o n  v i  n f . o : ;  i  L i e u  i i n d  c o m d u c t i v i  t i e u .
H o w e v e r , Llv- i m p o r t a n c e  at.d ur.r ful!i<.;>o o f  l a l . o r a t o r y  d a ta  be come fi 
a p p a r e n t  w h e n  t h e  qu' -r  U o n ,  r a y , o f  w h e t h e r  t o  i n c r e a s e  o r  d e c r e a s e  o n e  o r  
m o r e  o f  tiie :*.] a,*: eon: :  t i tuentr,  w i l l  h a v e  t o  hv  a n r .w e n .  d . T h a t  i :: i n  c a u e  o f  
c o n s i d e r i n ' :  the ei i  iri,--*' i n  f l u x  c o r p o r a  t l o n , t h e  q u a n t i t y  o f  f l u x  c h a r g e d , 
t h e  anio im t  o f  c o i n  t e r  s l a g  r e t u r n e d ,  e t c .  T h e  a l t e r a t i o n  o f  any o f  t h e r e  
v a r ia b le : -  m i g h t  i n t.ro.in.v- a cudden c h a n g e  i n t o  t h e  r . l a g  c o m p o n  t i o n  a n d  
t h r o u g h  t h a t  i n t o  t h e  o p e r a t i n g  c h a r a c t o r i n t i c a  o t  t h e  f u r n a c e ,  b y  d o i n g  
BO t h e  e w n ,  day -  to -day  o p e r a  t i o n  w i l l  be  d i r t u r t c d  b u t  t h e  r e s p o n s e  o f  t . i e  
u n i t  m i g h t  b e c o m e  , ,r - -d ie t a b l e  from t o o  d e t e r m i n e d  p h y s i c a l  c h a r a c t e r i s t i c s  
o f  t h e  p r o d u c e d  o l a g u .
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Fihu' ja iiKv:1 CKiiKHATio:* /.t;n rM'.CT.r-: NOv;:!i:'.;;v.
1 . /  F o } ,n,|41 a t. i c n  ol* f xmr r n i o n r f o r  r u r n a r "  r fx: i r, t,a:K ^ a . yl c o l l  cr.r.r t a n t .
From a f u r n a c e  tli t - i ^ i  p o in * .  ol" v ic -w i t  is; i m p o r t a n t  t o  doV.-rndi iC t h o  
v o l  t.;i‘Ti, « c i ; r r v i i ! '••■i it  i ot. .; t!::t i. i n f  e l r  c I rfdi.- yiv.r* ;ji.d i p a i i n f r ,  a c  w u l l
nv- f u n ;  ."if d i t: • • r . i u o n r ,  1 *• o n i t ? 1 '.o d,. 11 • 1 !vr :"  p n r a  .v t v r a , f i r r . t  t h e
rr-a i  13 t a i  !(••.• o f  th-  ■ f u r n a c e  v  i l l  h iv - t o  h e  ^ v n l  ir i t  c-d. I n  thi.": c o n t e n t  t h e  
r< o i n t i v i  t y  o f  t h- v ia . ' ;  . ' i l l  he- tvird a o  j . r i u i ' i r i l y  ohm I c  i n  c h a r e  e t c  r  i n  
w h i c h  c . i i -e
R„ i  <;= k ^
h e r e  H ic  th,e n l a p  r r : ; i : ; t a ’iC’<' oiun, (- the  :.’la#r r e s i s t i v i t y  in  ohm,cm 
s i  ‘
and k a c o n s t a n t  fov the  e l e c t r o d e  geometry  ir. cm ( c a l l e d  a l a o  c e l l  con­
s t a n t ,  d eno ted  by 1 it  the  p r e v io u s  e x p e r i  men VJ p a r t ) .  The- v a l u e s  o f  the  
s p e c i f i c  r e s i n  L i  \  ^  ly w .  re  de te rm ined  a-, pro r e n t e d  in  L’c c t i o r  1 1 ,  th u s  the  
k n o w ] e d ^  o f  the  c e l l  con: t a n t  w i l l  e n a b le  the  e s t i m a t i o n  o f  f u r n a c e  
r e o i s ta n ce .  S e v e r a l  a t teu -p tn  have been male to c o r r e l a t e  r e s i s t i v i t y  w i th  
v a r i o u s  p a r a m e te r s  o f  f u r n a c e  geom etry ,  one o f  t h e r e  p a ra m e te r s  and p ro b a b ly  
th e  most o f t e n  need one 1 e in g  the  r i / . e  o f  the  e l ' . c t r o d e , ^he r e s u l t s  o f
i n v e D t i g ' i t i o i . r  a n d  v-ifY,- r  t i o n n  o f  n . c a r c h e r n  per t i n e n t  to  t h i s  a s p e c t  w i l l  
b e  d e l i n e a t e d  b r i e f l y  i n  Di e  t o l  l o w !  t i p .
B a c k  Jr. t h e  A n d n - a e  ( l ) i n t r o d u c e d  t h e  e l e c t , o d e  p e r i p h e r y
r e o i s t a n c e  c o n c e p t  w h i c h  i n  i t s  w i d e  a c c e p t a n c e  c m  b e  r e g a r d e d  a s  t h e  b a s i s  
of a l l  s u b s e q u e n t  f u r n a  , e  d < s i g n  c o n s i d e r a t i o n s .  A c c o r d i n g  t o  t h i s  c o n c e p t
k = Y n 1 e  ” H l r ‘ e  2 * /
w h e r e  K « e l e - t r o d e  t o  g r o u n d  v o l t , r e ,  T •- c u r r e n t  p e r  e l e c t r o d e ,  = d i a ­
m e t e r  o f  e l e c t f  ) d e .  T h a t  i s  t h e  r e s i s t a n c e  b e t w e e n  h e a r t h  a n d  e l e c t r o d e  
l lm- 'U t h e  e l e c t r o d e  e l  r e u m f e m n c e  i r c o n s t a n t  a n d  V. d e p e n d s  u p o n  t h e  
c h . i r a e  I,1 r o f  th- raw m a t e r i a l s  a n d  p r o d u c t s  o f  e l e c t r i c  f u r n a c e  p r o c e s s i n g ,  
h a t e r ,  a s  w i l l  b e  d i s c u s s *  d i n  a n  o t h e r  s e c t i o n  o f  t h i s  s t u d y ,  A n d r e a e  
c a r r i " i  f u r t h e r  t h i s  H e n  an d e q u a t e d  I.he b o a t  ‘ e n e r a t e d  by  c u r r e n t  f l o w  I n  
an  e l e c t r o d e  w i t h  t h e  h e a t  c o n d u c t e d  1'-om t h e  e x p o s e d  s u r f a c e  o f  t h e  
e l e c t r o d e  an d c o m b i n e d  t h i s  r e l a t i o n s h i p  w i t h  t h e  c o n c e p t  o f  e l e c t r o d e  
p e r i  p h e r y  r e s  1 r, l a n c e ,
A s i m p l e  f o r m u l a t i o n / , , .
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A s im p le  f o r m u l a ! i o n  o f  f u r n a c e  r e s i s t a n c e  based on the  a c t i o n  o f  a 
c y l i n d r i c a l  e l e c t r o d e  ot  l e n g t h  i, and d i a m e te r  1)^  was giver, by iichwarz von 
Bcirgkampf (2 )  a s
'  TT / / 4
U s in g  more o r  l e a n  the came r e l a t i o n s h i p  but w i th  p a r t i c u l a r  a p p l i c a t i o n  
to  Thyalaud-Hol  *.* fu rnace : :  K jo in t  Lh ( 3) i n t rod  uced an a d d i t i o n a l  p a ra m e te r  
a c c o r d i n g  to  whi eh
it -  k(ll -  p)
H b e i n g  the  d i s t a n c e  from the s u r f a c e  o f  the  ch a rg e  to  the  m at te  o r  m e ta l  
b a t h ,  p the  d e p t h  o f  th e  im r.orri on o f  the  e l e c t r o d e  i n t o  the  char t  e and 
p roposed  the  f o l l o w i n g  fo rmula  f o r  the  e v a l u a t i o n  o f  fu r n a c e  r e s i s t a n c e :
H
? i»
' ■ ‘ ■ 7T. i f .  -
In  o t h e r  w o r d s , the  r e s i s t i v i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  t +be d e p th  of  
e l e c t r o d e  im j .e r s io n  an
HDe " V k ~  4 a , /0
H i l s e n  (4 )  d e v e lo p e d  f u r t h e r  K j p i c e t h ' s  formula  or. the  b a s i s  o f  model t e s t s  
from which i t  was found t h a t  Kf  i s  p r o p o r t i o n a l  to  , wh i le  th e  fu r n a c e
c a p a c i t y  d e f i n e d  a s  = 3 i y  i»  then p r o p o r t i o n a l  to  D^,' . I n  h i a  f i n a l
e x p r e s s i o n  , xO,24  .
H,-< v ',v' 7 T ^ «
( D -  k) c
A ll  th e n .  o-l . l  r. U n i  t i e  In t . r -n ln c t r o d e  co n d u c t io n .  To accoun t
fo r  th lo  typo o f  co n d u c t !o n  Vowning and Vrtan  ( 5 )  fo rm u la ted  an expreaeio. 
which i n c o r p o r a t o r  t i c  c , p a , 1 t u n c . e f f e c t  t-Awoc. two e l e c t r i c  a  conductors 
a s  was p roposed  o r i g i n a l l y  ly  Attwoo.l and r e f e r , od to  a l r e a d y  in  c o n n e c t i o n  
with t h -  e l l  c o n s t a n t  ( a r c  f e e t  ion I I ' .  In A ".woo A  o r i g i n a l  f o r m u l a t i o n  
in  c a s e  o f eq u a l  ly c h a n ,  <1 , « m l l . l  c y l i n d r i c a l  i n f i n i t e  w ires o f  ra d iu s  „  
l e n g t h  1 .  being  d i s t a n c e  11 a p a r t  and charged  o p p o s i t e  w i th  ^  coulombs the  
capanit-'incci o f  ru sh  c o r .d e r r e r  it> g ivrr i  by
f l - 1 6 . /
C1
TT(r
in  f a r a d s ,  where (  i s  the d , e , : c , l n  s e n s t a n t  o f  the medium. P e r t a i n i n g  to
n i n/4n i tfltlOG O rZ• • •
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the  c a p a c i t a n c e  o f  the  whole Byntom a f u r t h e r  p o i n t  o f  i n t e r e s t  was the 
c a p a c i t a n c e  i n  the  r e g i o n  o . tlio e l e c t  rode  t i p : : .  K j / l  rse th took c o n s i d e r a b l e  
p a in s  t o  d c v e lo n  an e x p r e s s i o n  f o r  the  cap o o ! t a r c e  ot what he c o n s i d e r e d  hemi- 
B p h e r i c a l  e l e c t r o d e  t i p s ,  n p p r u x i n a t i n g  i t  by the  fo rm ula  l o r  two equa l  
s p h e r e s
PTTc r r1) 7 . /
Assuming sy m m etr ica l  f i e l d  ab o u t  a p la n e  th rough  the  c e n t r e
I! e r 6 . /
In  t h i s  way th e  t o t a l  c a p a c i t a n c e  o f  the  s y s 4 i s  C - -f Cg/2 .
E q u a t io n s  V*/ and B. /  r e s p e c t i v e l y  were alSv c o r p o r a to d  in  the fo i . .u . la
proposed  by how:.ing and ’' r h a n , thus  t h e i r  f i n a l  e q u a t i o n  f o r  f u r n a c e  r e s i s t a n c e
took th e  form
"  ^  11
TT
In
f" . r  / r  x?4 r  1 + % 4 I T: j + « . .^  o u
K-l E-g
A " 1K •*. r P
.  V
—-- h la g -b u r d e n  I n t e r f a c e
H
9 . /
assum ing  u n i fo rm  c o n d u c t i o n .  For e a s i e r  r e c a p i t u l a t i o n ,  the  f i g u r e  below 
summarises th e  symbols used i n  the  p re v io u s  e x p r e s s i o n s :
i    ^ -------S l a g - m a t t e  i n t e r f a c e
More r e c e n t l y  P r ra s .o n ' s  i n v e s t i g a t i o n s  ((•) lead  to  an exprcs .  ion  
" e l a t i n g  to an e l e  r  t ro ' l  e -  to  -  h e a r  t  >. paramo t e r  to the k f a c t o r  as f o l l o w s :
a  ■ t- ■
0
Ln which -  i n - p l a s e  component o f  the  e l e c t r  . d o - t o - h e a r t h  v o l t a g e
p n power dens i ty
I) « e l e c t r o d e  i. i a m e te r
rhese  d e s ig n  e x p r e s s i o n s  we in used  i n i t i a l l y  in  the  p r e s e n t  s tu d y  to  e s t i m a t e  
the  r e s i s t a n c e  o f  a  working  u n i t .  The r e f e r e n c e  furnaces,  a r e  o p e r a t e d  a t  f u l l  
c a p a c i t y  a t  an a v e r a g e  I B , 5 MW power in p u t  and c u r r e n t s  o f  17*5 to  1 0 ,5  M  ( 7 ) .
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By i n o t r u m e n t  r t . ' u l t h e  rou«r war.; 0 , fj ?t , Then a t  a  maximum 10 ,5  kA th e  
f u r n a c e  r e a i r . t r i i c e  would be
= r
7 R p
5 H -  l ( 0 5 x H ) V 5 ,4^x10 - 5 ,4^x10"  Ohm
t h a t  iu  ( 5 , 4 ‘°x]0~ ) /5  = 1 , 0 4 x10" '  ohm p e r  phaoe
The p o r t i o n  o f  the  c u r r e n t  pa no inf j between e l e c t r o d e  and e l e c t r o d e  was fjivon 
ao t w o - t h i r d  o r  t h r o o - j u a r t o r  o f  the  t o t a l  by Bar th  (ti) and wan a lo o  con -  
f i r m e d  by th e  model ten t : ;  o f  J r q u h a r t  ( 9 ) • An f o r  a  f i r s t  a p p r o x im a t io n  the 
i n t e r e l e c t r o d e  co n d u v t io n  w t r  ne#'l(-cted and the  i v n i s t i v i  t y  v a lu e  g iv e n  above 
war d i v i d e d  be tween two <l o o t  rodvs due to the  double  p a th  th rough  the ' l a g .  
Only h a l f  o f  t h e  p a t h  w i l l  b,  c o n s id e r e d  t o r e  i n i t i a l l y  which i t  p r e s e n t s  the 
a c t u a l  r e a l  a t  tv i  ty o f  the  n ln g  l a y e r  an measured b< t w e n  e l e c t r o d e  f-r.d m a t te
g i v i n g  thus  i r  the  above rang/’ o f  c u r r e n t  10 ,1  to  9 ,0  mil l iohmn p e r  e l e c t r o d e ,
i . e .  ? 0 t o  10 ,0  in i 11 ion.;nu p e r  phase .
Now wi tii the  a i d  o f  the  o u t l i n e d  e x p r e s s i o n s  th e  fu r n a c e  r e s i s t a n c e  
i s  c a l c u l a t e d  a s  f o l l o w s :  u s i n g  f o r  a  r e f e r e n c e  the l a b o r a t o r y  c o n d u c t i v i t y  
d a t a  obtu  v- i e . g .  w i th  s l a g  Group V th e  r e s i s t i v i t i e s  a r e  e v a l u a t e d  o v e r  
th e  co m p o s i t io n  range o f  the  s l a g  i n v e s t i g a t e d ,  t h a t  i s  11 to  20 p e r  c e n t  
F e ^  , 59 t o  4f. pe r  c e n t  GiO? , 1) to 19 pe r  c e n t  MgO w i th  16 p e r  c e n t  CaO 
aa c o n s t a n t  v a l u e .  Th is  c a l c u l a t i o n  i s  performed f o r  dep th  o f  e l e c t r o d e  
immersion.- o f  !) / ? ,  and ’W h ,  e x p re s s e d  in  terms o f  e l e c t r o d e  d i a ­
m e t e r .  The r e s u l t  o f  t h e se  c a l c u l a t i o n s  i s  g iven  in  f i g u r e  I I 1 - 1 .  The
r e s i s t i v i t y  v a l u e s  o f  the  g raph  wore compared w i th  those  e s t i m a t e d  from
a c t u a l  fu r n a c e  op-o ra t ion .  With h r e f e r e n c e  dep th  o f  e l e c t r o d e  immers ion 
o f  a p p r o x i m a t e l y  b / 5  th e  r e l a t i o n s h i p  s u g g e s te d  by IXiwning and J i b a n  gave 
the  low es t  e l e c t r o d e  movement i •e • v a r i a t i o n s  i n  dep th  o f  e l e c t r o d e  im m e rs io n , 
With K ip'l r . e t t .1 r  r gua t i o n  and to a l e s s e r  deg ree  w i th  N i l c e n ' s  c l o s e  t o  an  
o r d e r  of Triagei t u l c  1 n c r e a s c  iri r e s i s t i v i t i e s  o c cu r red  when th e  d e p th  o f  
e l e c t r o d e  Jmrr/• re.ion d^nr-'arx-d from B /'•’ to  1)^/B»
The c e l l  c o n s t a n t  o f  the e l e c t r i c  f u r n a c e s  by the  e x p r e s s i o n  o f
Downing and Urban ( e q u , 9 « ) w i l l  l e
11./
o r  n im ply ,  i f  d e n o t i n g  the  r e c i p r o c a l  e x p r e s s i o n  i n  9 - /  by N
w m N o r  k ■ 71 N 1 1 a , /
f  17
From o . j u , 5 • /  o f  N i l s e n / . , ,
- 41 —
From e q u a t i o n  5 . /  o f  Niliscn
O i i i M  Td! -  ;■)/",.I0 ' 43
0 , ? 4
1 2 . /
A com par ison  o f  k v . t luea  ol>tainod with t h e  d i f f e r e n t  (xpi 'ei : : : jous i s  g iv e n  
in  t h e  f o l l o w i n g  t a b l e :
T ab le  111-1 ,  C a l c u l a t e d  k y a iu en  o b t a i n e d  w i th  thf- nu^ jo n to d
fexprcrmioiiU an f u n c t i o n s  o f  the  d e p th  o f  e l e c t r o d e
immer-uoh in  vhc ;; 1; t'.
Depth o f  
immers ion
i n  D in m e te r
Value o f  k aa p e r  e l e c t r o d e ,  x 10 -1cm
NiIflen 
oqu .  12
Downing 
and Urban 
equ ,  11a,
Von hergkampf 
e q u , } .
1 'ernron
and
T r e i l h a r d  e q u , 15
v ? o . b ? ; 1 ,60 2,76 1 ,66 1 ,15
V2-6 0 ,4 0 0 1 ,80 2,93 2 ,22 1 ,1 8
V 5 0 , 2 5 0 2 ,3 0 3,40 2 ,04 1 ,2 4
V8 0 ,1 5 6 2 ,92 3,68 3,10 1 ,2 7
Here the  o r i g i n a l  e q u a t i o n  o f  von Bergkampf was used i n  a  s l i g h t l y  m o d i f ied  
form to  c.uit  c o n d i t i o n s  c r c a t  :d by the  m a t e r i a l  p ro cessed  in  m a t t e  s m e l t i n g  
f u r n a c e n , A c c o i i l n / ;  to  t h i n
1 3 , /
Formul a t i  ni. o f  an a t i vo ex p re » s io n  to e a t i m s t e  futTiftce r e s i s t a n c e .
The equation!!  dincunnod above were p r i m a r i l y  proposed f o r  f e r r o a l l o y  
p ro d u c in g  nubn.^vpy d a r c  f 11rn' iceii h^ivin#7 t h t o e  e l e o t i o d o s  a r r a n g e d  in  the  
c o r n e r ;  o f  a n  e q u i l a t e r a l  t r i a n g l e ,  l o r  the  t y p ' o f  o l a g  produced in  s l&g — 
r e s i s t a n c e  h e a t e d  !;iatte s m e l t i n g  f u m a c  r h a v in g  6 - i n - l i n e  e l s c t r o d e  a r  — 
range r ,en t  a more s p e c i f i c  e x p r e s s i o n  wa,. n e c e s s a r y  to  d e s c r i b e  th e  o p e r a t i o n  
o f  t h e  f 'uvnace.  Although th"  e q u a t i o n  developed  by i 'owninc and Urban a c c o u n t s  
f o r  i n t e r - e l e c t r o d e  a c t i o n ,  i n  i t s  d e r i v a t i o n  a un iform  c o n d u c t io n  was assumed 
b e t w e e n  j - o t h - - rm-'i 1 homogeneous c o n d u c to r s .  l ' \irtlK-rmore, the c o n d u c t i n g  medium 
was oonslH- re d  to h a v e  i n f i n i t e  ] r n g th  o r  e x t e n s i o n  in  v e r t i c a l  d i r e c t i o n .  
Because o f  th e  t h r e e —d im ens iona l  convei .g1 'nee o f  cu r t  e n t  the  e x p r e s s i o n  i n
v a l i d  f o r  c o n d i t i o n s / , , ,
v a l i i  l o r  c o n d i t i o n s  o f  " r . u f f i r . i o n t  bud r .r n U i"  ar; U h' wau n o  t o d  b y  J’e r n a o n  
a n d  T r u l  l h a n i  ( 1 0 ) .  F o r  h i - ; h c r  p o w o r  fum.-tof . -:  a  r. lc iy  d e p t h  i n  r e ­
q u i r e d  t h a n  f o r  nmaJ If. r i’u r n a v '  S e c o n d ,  thr; i n c l n r i o n  o f  t h o  c t t p a c i  t a n c o  
t e r m  a *3 a p p l  i r 1 r . p o c i a ' . l y  f o r  h«-:iii : . ;; ihv?-ical  r - i r c t i  o d n  t i p n  ( e q u u .  7 a n d  8 . )  
c a n  h a r d l y  be jur .  t i  f i t c , V/hilf.  t lv  c o n c e p t  m-iy b e  o f  roir.o v a l u e  w i t h  
c o m p l e t e l y  now n l i c t  r-.icc-r i f  t h n i  r  l i p  h a p p e n e d  t o  b e  f o r m e d  a s  a  h o m i -  
o p h e r o , f r o m  p r a c t i c a l  o y p e r i '  :.<if  i t : ;  v 1 ur* w i l l  b o  r a t h e r  t e n u o u : :  i n  c o n ­
s i d e r i n g  t h ?  i n y r c - d i l - l  ■> r h a p o n  fir.rum*;d a t  l i n o s  b y  b n t l l e - r . c a r r c d  w o r k i n g  
e n d  a o f  L’y^'.c vVor,^ e l ( ? c t r o d v » ,  ' ' h e s e  c o n d i  t  i o n  ri, p a r t i c u l a r l y  w i t h  r e g a r d  t o  
t h e  o f  f e e t  o f  o l o ' - t r o d e  m o v e m e n t  f t i v o  r i p e  t o  c e r t a i n  r e s t r i c t i o n s  i n  t h e  
g o n e i ' a l  a p p l  i o a t i l  i  t y  o f  t h e  fori i .u l a .
I ' e r m o n  and T i v i l h c . r i  {1 have cuegcn ted  r e c e n t l y  a m o d i f i c a t i o n
t o  th e  Downing -  Urban fo rm ula  t o  a r u r e  the  n n i r . t a n e o  between two f l a t  -
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1 4 . /
The l o g a r i t h : u i c  p o r t i o n  o f  tho  e q u a t i o n  d ro p s  c u t  a t  h igh  e l e c t r o d e  p o s i t i o n  
i . e .  when the  e l e c t r o d e  ; rrx-re’ y touch tho  c u r  f a t e  o f  the  b a t h .  From e q u .14
the  c e l l  c o n s t a n t  iy  e x p r e s s e d  an
k .    !-----------------------------   « • /
4 Till
Thr- expr-nr- ior,  o f  f u r n a c e  r o u l o t a n c *  r t p r e a c n t l n g  more s p e c i f i c a l l y
the  o p e r a t i o n  , r  «a tV -  t o m l t l w  t u r ^ c m ,  was o b ta in e d  o m r i r l c a l l y .  The 
r c n i a t a r . e e  o f  t i.e v r r k i n c  uni tr, war c a l c u l a t r . i  f o r  optimum o p e ra t in g  c o n d i t i o n s  
p , 1- t i , e r , t  t „  power i n p u t  a,..I c u r r e n t .  In the  knowledge o f  th e  r c a t r t a n c e  
v a lu e ,  th e  cm. s ta i i t  of  the  r n m  r.ted f o r m r :a wan d - U - m i n H  by auccesM v.
approxi,:-- , tiu, i u n t i l  the  e x p r  r r ' o n  y ie l . l e u  i d e n t i c a l  r e u n i t e  w i th  the  
e , U » *  p r a e t l e . , :  ■la t , .  l.tlJT. thn  e q u a t i o n  o b t a i n e d  in  t h i n  way i s
f u l l y  r e p r e r . - . ,  t u t i v e  „ r  the  c h . u a e t .  r  o f  maV-'rial pr»«*08c,l and t h e  o p e r a t i o n
o f  t h e  uni t , : ;  t r e a t i n g  t h i r  m a t f f i a .  _______
-c,5i  K l i L - J ' l  1
u II 4
l r ( - T ' f f" -e v e 1) < o t 1 6 . /
i n v o lv in , ;  f o u r  n a in  p a , , v i , .  t l , ,  l o t a ]  dep th  o f  nl.-,R hod ( i l ) ,  dep th  
o f  e l e e l n . d .  rat. i o n , p. e l , , - ,  rode d i a m e te r  »o and e l e c t r o d e  r p a c i n c
The l o t :  r i t h m l c  l.erm af t*  r  A t l . w . o d ,  repr . -nnn to  the  c a p a c i t a n c e  between























'MM '  d
eouev I*0-1 oooujnj
e l e c t r o d e s  a s  p a r a l l e l  c o n d u c to r s ,  w h i l e  the second c a p a c i t a n c e  t e rm ,  C^)  
a c c o u n t s  f o r  the  capnv.i ta» ,:o between f l a t  e l e c t r o d e  t i p s  a s  sug#jcsted by 
1 err ,son and Tj-ci liiai-d
C, !)
F o r  the  p a r t i c u l a r  s j i n n t  r-y r< la t  ions.hi pn o f  tae  re fe i ' cn ce  fu r n a c e s  e q u . l 6  
can be w r i t t e n  a s
I  M IL -, k  
11i; 1) + 1 ,??C
l - o , 5
G DeJ
1 7 . /
FifCire l ] l-i* shows the  v a r i a t i o n  o f  the  e r  t-mated c e l l  c o n s t a n t  wi t h  the 
change o f  the  d e p th  o f  e l e c t r o d e  port t r a t i  on i n to  the  s l a g .  On t h i s  b a s i s  
t h e  v a lu e  o f  the  conn t a u t  K which deponus on tit? c h a r a c t e r  o f  the  m a t e r i a l  
t r e a t e d  o r  s l a g  pro luce.i , was e s t i m a t e d  as ) ,]% when th s  av e rag e  t e m p e r a t u r e  
o f  the  mol t e r  s l a g  bed i s  1400°C, As f o r  a Vu-st o f  t h i s  e q u a t i o n , f o r  v a r i o u s  
l o a d s  and o p e r a t i n g  cur  " r n l s  the  r e s i s t a n c e  o f  the o p e r a t i n g  f u r n a c e  car. be 
c a l c u l a t e d  by the  r e l a t i o n s h i p  !t^ « ( ) / 6.  Thin i s  shown in g raph  J I I - j / A .
Now, as  f o r  an example,  u s i n g  a r i n g  r e s i s t i v i t y  va lue  o f  A«85
ohm .cm d e te r m in e d  in th«» l a b o r a t o r y , the  fu rn ace  r e s i s t a n c e  i s  c a l c u l a t e d
w i th  e q u a t i o n  17. / t y  which «• 10 ,05  mohm. Using t h i s  f i g u r e  i n  the
2
P •  f> HI f o n . u l a , f o r  v a r i o u s  o p e r a t i n g  c u r r e n t s  th e  f u r n a c e  power w i l l  be 
o b t a i n e d  a s  shown by p lo t  H in  f i g  111 -5 .  Then the  i n t e r s e c t i o n  o f  the  
h o r i z o n t a l  l i n e  r e p r o s n n t i u g  -  10 ,0  mohm w i th  the v e r t i c a l  d o t t e d  l i n e s
o f  the  o p e r a t i n g  c u r r e n t s  in  graph 5 ' shou ld  g ive  the  sanio lo a d  v a l u e s  as t h e  
p l o t  o f  5b which, e v i d e n t l y  appears  to  be the  c a s e .  The agreement be tween th e  
two n e t s  o f  v a lu e s  i s  ve ry  good.
For  thn comparison r f  f u r n a  -c r e s i s t a n c e s  c a l c u l a t e  \ by t h e  fo rm ulas  
o f  a , ) Ifovning and Urban, b.  ' h r r t;con at d T r e i l h a r d  and c , ) the  p r e s e n t  s tu d y  
l o t  the c o n d i t i o n s  be as fo l l o w s :
a v e r a g e  s l a g  r e s i s t i v i t y  ; 4 $ ohm. cm a t  1400 C 
dep th  o f  elfM'tj-cido ii.mi-' rs . ion,  p : 0 ,4 #  m 
t h e n  w i th  the v a r i o u s  formulas we g e t
a . /  IViwning and Urb a n 
li "
4 ,05
5 , 1 4 1 0 , 6 f 5 3 ,4   ^ 3 ,4  ;
m 4 i n'u “ 4 , fa ’ mohm1 1 ( ) *
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b « /  '.’e r i i r i o ; i _ -  _ T r o i 1 . l v i r d
" r
) ,  14%",4%
' [ -  ■ w
 _______
( ) , l 4 * o , 4 f ( ) / ' i , : u
10 ,5  mohra
c . /  rrvMcnt s t ' i l y
-  (4 ,P/,  +
e 4 x ?,(vf * 10 ,()^ niohm
I'rom th i  j; t n-: ;ul  to ot tairu-d by th. I’crr .non-' l 'rr i I t e r d  fo rm ula
and th . i t  o f  tt.i: pi-i iv'i.t i'.tudy nhow ve ry  yood nfrrc-nfer-t whi 1«- the  I'ownin£'- 
Vrban ox i 'n - inuon  f a l ! r  n ' .o r t  in  v jn<: ' enn than h a l f  r v t i in t a n c e  v a l u e s  
ap p ro x in n  t o l y  in  the  form hj. c t  ^ •  ^ , ;)>'] ) *
Ti.e i-roporad e q u a t i o n  f o r  fu rn ac e  r e s i s t a n c e  tak es  i n t o  a c c o u n t  
b e s i d e s  the  d o joh  o f  e l e c t  rent- pern t  va t  ion  i n t o  the s l a r  a l s o  the  t o t a l  dep th  
o f  th e  s l a c  l a y e r .  Th" m a t t e r  i s  im p o r t a n t  from th e  p o in t  o f  view o f  c e l l  
georr/ ' t ry and cf 1. c o n s t a n t  , s i n c e  the  l a t t e r  w i l l  depend , by v i r t u e  o f  II-p -  h 
on l o t h  v a r i a b l e  This  f a c t  i s  r e a l i s e d  in  the  fo rm ulas  o f  K j ^ l s e t h  and 
N i l  son w h i le  i n  b o f h ti.e hownit.g and Urban and l e r s s o n - T r e i l h a r d  e q u a t i o n s  
i t  i s  l e f t  out o f  consi  h r a t i o n .  The shape o f  c u r r e n t  f low o r  c u r r e n t  d i s ­
t r i b u t i o n  around and below an e l e c t  rode i s  d e te rm ined  p r i m a r i l y  by h ,  i . e .  
the  d i s t a n c e  between e l e c t r o d e  t i p  and m a t te  s u r f a c e .  At a c o n s t a n t  v a lu e  
o f  h i t  i s  l a r g e l y  ivuv e r i a l  in  t h in  r - s p c c t  w ha teve r  the  t o t a l  d e p th  o f  the
mol ten  bed happens to  , c .  On tno " t l /  r  hand by d e f i n i n g  p o n l y ,  t h e  v a lu e  o f
h w i l l  Change w i th  the vnr i  • t i o n s  o f  the  d-pV the  s l a g  l a y e r  and con -
d i t i o u r  may hr com,- i l l - d e f  ined in can' '  o f  v,- • : bo th  II and p. Thus from
the  s t a n d p o i n t  o f  h i t  in more ad eq u a te  U : r i n n a t e  s i m u l t a n e o u s l y  t h e s e  
p a r a m e t e r s .  In t h i s  way I ho c e l l  cons t a n  o f  the  r e f e r e n c e  f u m a c o  from 
e q u . i y . /  Will be e x p r e s s e d  an
k -  j(H -  p) y^74— / ^ . 1 9  -  -  p) 18*/
The v a r i a t i o n  o f  c e l l  cons.t.unt with  the  dep th  o f  e l e c t r o d e  p e n e t r a t i o n  i n t o
the  s l a g  i o shown in f i r u r e  I I ! - . ’.
In an a l t e r n a t i v e  way the  c e l l  c o n s t a n t  can be e x p re s s e d  in  te rms
o f  the  f o l l o w i n g  p a ra m e te r s  : maximum o p e r a t i n g  power ( b ^ \ ) ,  i n t e r n a l
f u r n a c e  a r e a  A o r  a l t e i . a t e l y  h e a r t h  a r e a  os r e l a t e d  to the  s l a g  bed
e l e c t r o d e  d i a m e te r  1^,  t o t a l  dep th  o f  s l a g  bod H, and dep th  o f  e l e c t r o d e  
immersion p. With t.hece pa ram e te r s  the formula sug g es ted  f o r  k i n  the
,, 4- n •f n V  ^ • a
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b . /  i-  T m i l . h a N
6,14x .,4",
Hf -  4 ,% % /-
Ir,
4 , n ‘; •— —  » 1 0 , J mo} jn
c . /  P rovent ;; ! \ :y
Hf ■ ( 4 ,P ' '  ' 11/1 ' ^  ''  ^11>''
-  4 , 9 ‘j  x ? , ( ' ’/ -  10,0') mohm
Fr om  t h j t  co : ; :p - ir i : o t ;  t l .n i'<'i:ul ti; o t  i:i.i n o d  by t h e  i ' cr : i! ;or i -Trr  i l h a r d  f o r m u l a  
a i m  t h a t  o f  t h e  p n  ivant. a t u d y  nhow v e r y  <;;cod anroonip*rt w h i l e  tht* l o w n i n g -  
V r b a n  o x p r c i i o i o z i  f a  1 • r a b o r t  i n  g i v i n / :  ler. :i  t h a n  h a l f  r t  a l . r t a n c n  v a l u e s  
a p p r o x l a n t o l y  i n  t h e  f o r m  »
Th.o p r o  p e r  od  e q u a t i o n  1.. r f u r n a c e  r r - r i r t a n c c  t a k e r  i n t o  a c c o u n t  
bf p i d e r  the d e p t h  o f  f l e e t  r e d < p. •. ‘ r a t i o n  i t  o  t h e  a l a r  a l s o  t h e  t o t a l  d e p t h  
o f  the* e l a f  1 e y e  r .  '1 h o  rtv-. t u  r  i r : m p r r t a n t  fro: :  t h e  p o i n t  o f  v i e w  o f  c e l l  
g e o m e t r y  at d c ,  11 c o n s t  a::' , r i n  t h e  l a t t e r  w i l l  d e p e n d ,  b y  v i r t u e  o f  II -p  -  h  
or. \ c t h  v a r i  a  l e u .  T h i s  f a c t  i s  r e a l i s e d  i n  t h e  f o r m u l a s  o f  K j d l r e t h  a n d  
K l l s o r .  w h i l e  i n  Lo t i ,  t h e  h o w n i r , '  an d i ' r b a n  a n d  I ' e r o s o n - T r e i l h a r d  e q u a t i o n s  
i t  i s  l e f t  v  1 o f  c o n s i d e r a t i o n .  The n h a p o  o f  c u r r e n t  f l o w  o r  c u r r e n t  d i s ­
t r i b u t i o n  :■ . , .d an d b e l o w  a n  e l e c t r o d e  i s  d e t e r m i n e d  p r i m a r i l y  b y  h ,  i . e .  
t h e  d i s t a n c e  1 e t w e e n  e l e c t r o d e  t i p  a ’ -t m a t t e  s u r f a c e .  A t  a c o n s t a n t  v a l u e  
o f  h  i t  i s  l a r g e l y  i m m a t e r i a l  i n  t h i n  r e s p e c t  w h a t e v e r  t h e  t o t a l  d e p t h  o f  t h e
m o l t - :  Led h a p p e n s  t o  b e .  On t h e  o t r m r  ha n d  b y  d e f i n i n g  P o n l y ,  t h e  v a l u e  o f
h  w i l l  c h a n g e  w i * h  t h e  / a r i n t i o n n  o f  the.- d e p t h  o f  t h e  s l a g  l a y e r  a n d  c o n
d i l i o n s  may b e c o m e  i l l - d e f i n e d  i n  c a s e  o f  v a r y i n g  b o t h  H a n d  p .  T h u s  f. o n
t h e  s t a n d p o i n t  o f  h i t  i s  m o r e  a d e q u a t e  t o  d e l i n e a t e  s i m u l t a n e o u s l y  t h e d a  
p a r a m e t e r s .  In t h i n  way t h e  c e l l  c o n n  i a n  ‘ o f  t h e  r e f e r e n c e  f u r n a c e  f r o m  
e q u . l V . /  w i 1 I be e x p r e s s e d  u-
k -  | ( ! l  -  p )  , iV ■ -  P /  1 8 * /
The v a r i a t i o n  o f  c e i l  c o n s t a n t  w i t h  t h e  d e p t h  o f  e l e c t r o d e  p e n e t r a t i o n  i n t o
t h e  s l a g  in  shown in f i r  me I I I - . ' 1.
In  a n  a l t e r n a t i v e  w a y  t h e  c e l l  c o n s t a n t  r a n  b e  e x p r e s s e d  i n  t e r m s
Of th e  f a l l o w i n g  paramelers  : maximum o p e r a t i n g  power i n t e r n a l
f u r n a c e  a r e a  A o r  a l t e n a t e l y  h e a r t h  u r e a  a s  r e l a t e d  to  the  s l a g  bed
e l e c t r o d e  d i a m e t e r  1 ^ ,  t o t a l  dep th  o f  s l a g  b e d  II, and d e p t h  o f  e l e c t r o d e  
iinm, r : : i o n  p .  W i t h  t h e s e  p a r a m e t e r s  t h e  f o r m a l  , s u g g e s t e d  t o r  k i n  t h e
vvvtn m f mi*. t\ t. U Vi V /  • • #
prer.o,. v r: tudy w i l l  t-o ,-ic fd llow;; :
k  = K.
I' , x/A , .
(_ « . ( ! : )— ; ( ,i (11 - p) IV./
W i t h  r p f o r e n c c  f u r n a c ' - i :  th«.1 m x i m u m  >!• n t i n / ’; [lowor- i f ,  j n t h e  r a n g e  o f
1 9  iX'..’ a n d  t h e  . i n t e r n a ! n n. -a  /. *  '?(> x 7 - m .  Yhr* v a l u e  o f  t h e  c o n f i t a r . t  
i s  c l o r . c  t o  u n i t y ,  \ «■ 0 , 9 i . .  '•Ixprti .vr.inc ” 11 'J.onetha i»: m o t e r s  a n d  t ) ; e
a r e a  i n  i sqxiarc ravtt.-ri-., c q u a  t i v i ;  1 % . /  Vor t h e  w o r k i ’i g  un:  t o  w o u l d  y i e l d
r  >A 
k -  K. .( ■,] .  p)
W " o
-2  -1
o r k -  -  p )
I f ,  i n s t e a d  o f  th e  intr.  r r . a l  a r t  •?., th<? h r n r t h  a  r e  a  c o v e r e d  b y  t h e -  d a g  if. 
Laker. , r t a  o o r  ^  i  r i e r . v i i o n ,  n c r o ' - d  inf, t o  v n  t a b l i K h e d  b o : ; t  o p e r a t i n g  p r a c t i c e  
a t  an a v e r a g e  d np th  o f  t h e  c l a ^  b e d  t h e  H'.al t i o n w h i p  b e t w e e n  i n t  n r n a l  a r e a
' h ( a l )and h e a r t h  a r a a  r e l a t e d  to  the c l a x  bed i«  A ^ ? / 5  t h e r e ­
f o r e  the  c e l l  con:-1ant i s
k ■ K.
v( m)
?75 /' h ( c i J
(4  I . / ) " 1
-1(11 -  p ;  x 10 ,m 2 0 ./
O b v io u n ly , t h e  f r a c t i o n  V^/A r e p r e s e n t s  the  power d e n s i t y  u n d e r  any p a r t i c . i j . a r  
c o n d i t i o n  o f  f a n  '•.'•e o p e r a t i o n ,  and w i th  t h e  pjrujnetry terms De , H and p  the  
v a l u e  o f  k  in  d e f in e d  f o r  any r i v e n  f u r n a c e  eize  by the  above e x p r e s s i o n s  
when the  c h a r a c t e r  r f  the  f e -d  !b s i m i l a r  tu  t h a t  p ro c e ssed  in  the  r e f e r e n c e  
f u m a c w u  The b r o a d e r  a p p l i c a b i l i t y  o f  the  f o T - n v n . a  in  ensu red  by the  c o n s t a n t  
th e  valv." o f  which,  f : n o t e d ,  w i l l  depend on the  c h a r a c t e r  o f  t h e  feed
' i n V ' r i a l  u sed .
Then, in  g e n e r a l ,  to e s t i m a t e  the  e f f c c t  o f  change in  s l a g  co m p o s i t io n  
;oad  the  re s  i s  tanee  in  c a l c u l a t e d  from e q u . I B . /  ae
hf  - ? , ?',(H - P)
w i tn  th e  use  o f  the  s p e c i f i c  s l a g  r e s i s t i v i t y  d a t a  o b ta in e d  in  l a b o r a t o r y  
measurements which a n  g iv en  in " r c t l o n  I I .  Then
I ' . . (MW)/6 Hc 
P
f o r  c u r r e n t 1 w H i
f o r  power I* (M.v) <>K x 1
Ad f o r  an oxainplc T.iLlc 111-:’ dv . - r ,  mi o u t  I Imp o f  the  mode o f  c a l c u l a t i o n  
v h t l o  th,. complrtr:  o„t o f  r e n u l tB  p - r t l n , n l .  to  the  p fO ic t  o f  nine cospoaiU on












F igure  III -  * . EFFECT 01 A:. C0'4'0r»mv:i Ul "ON VARI0'l> CHAKACTRi',! I CO Of
FUHNACE CH'I I.V.IION .
EL AO 01,01 r  I I . Totu I du|ith ol '.lug Oed : 1, 4 m
Tinpvraturv o1 slag : 1400 C





C c r p o - . i  t  i o n  r a n g e











Figure I I I  -  5 , EFFECT OF UL A O C O M  0 3 1 1 1  ON Uf’ON VAN I O u r ,  C H A K A C T L R I  3T I Cr, OF 
F'UHNACE O F F  N A T I O N ,
SLAG GROUP V. Total depth of s lag  tod j 1,4 m
Avg. temperature of s lay  1 1400 C
1H,0
D Z3
Compos 11 i on jranyO
of p lan t  slagr.
Fe %









FI gvre 111 - 6 . tn'F.(.l Of ItlE COMO.'.ITION AW Tf !■'!’( I AI jPL OP THE ."A A:, 
ON HOMAGE Ol’liMllOt; CMAI.ACICRIul IC^ .
Slag Or.-Kip V,
Sol i d I i noti 1420 C 








Tclnl Iron, por ounl
FI gure 11 • - ?» lit L AT I ON liCTwLI'i I'O-'t.i IN' "T At:!) DLPTIi OF fl.tCIKlOE 
IM-tl lijlOt> , IH 111!- n.MI'LI-7.; : I 01' j LAG A', A PA.VAMLIEH.
Coodit]_onn_j Operating c i .rrrn t 10 kA
fo ( i o tn l  < In ; Jag  1G,S per  cen t  








iMrcrtioi. .-r .I»=u=d. 1”1= th- •'*«
M r
u p o n  t h e  p o w e r  i n p u t  In t h e  f u r n a c e  w i t h  1 7 * h *  1 U , 0  and I B , 5 kA c u r r e n t  i s  
d e p i c t e d  i n  f i g u r e s  l i l - 4  a n d  J 1 I a n  r c f i ' r r . - d  t o  n l a ; ;  g r o u p s  I I  a n d  / .
T a b l e  1 1 1 - ? ,  F,!Tt c t  o f  n l n r  c o w ip o s i  t i o n  on p o w e r  i nj j nt  ,to _ Ij2 .ri - X - ^ 5 £ ^ . i
Mod e  o  f  e s  t  i inn t  i on  ,
S l a g  g r o u p  V.  A v e r a g e  r i n g  t e m p e r a t u r e  1 4 0 0  0  
p  .  = 0 , 4 0  m
R e f e r e n c e  
s l a g  co n ­












R e s i s t i v i t y  
ohm. cm
p = 6 R x I 2 (MW)
w
at. o p e r a t i n g  c u r r e n t s  o f  
1 7 , 5  kA 1 6 , 0  kA 1 8 , 5  kA
4 , 0 0















7 .90  
7 ,35
6 .90  
6 ,46
16,4 19,7 2 0 ,8
10,2 19,4 2 0 ,5
17,0 19,0 1 9 ,9
17,3 1 6 ,3 19 ,3
16 ,5 1 7 ,5 1 0 ,5
15,0 16,7 1 7 ,6
14,7 15 ,6 1 6 ,4
13,6 14 ,3 15 ,1
12,7 13 ,4 1 4 ,2
11,9 1 2 ,5 1 3 ,3
R f f o c t  o f  U S K - r a t u r ! :  o n _ « ™ .  1 5 V f f i f f i l
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K , -  V' M

Th e  l o g  V v o .  1 / T  r e l a t i o n : , h i p  c a n  b e  e x p r e o r . e d  py
l o g  k -  a  -  21 * /
o r  K k A( e x p  - h / ' l ' ) ? 2 . /
w h e r e  t h e  cone t a n t o  a ,  b ,  A an d B r e s p e c t i v e l y  a r e  d e t e r m i n e d  f r o m  t h e  
a p p r o p r i a t e  p l o t : : .  Then I h o  v a l u e  o f  lif  a t  a n y  d e - o i r o d  t e m p e ra tu re  m  o b ­
t a i n e d  by  u o i n g  t h e  c r . t i n n t e d  v a lu e r ,  o f  K i n  v q u ,  1 7 .
Inc  l e a d  o f  e y u . P P . /  t h e  t e m p e r a t u r e  e f f e c t  may b e  c a l c u l a t e d  con­
v e n i e n t l y  by a  p o l y n o m i a l  e x p r e r . c i o n  u c i n g  a c o m p u t e r  f o r  c u r v e  f i t t i n g  
c a l c u l a t i o n s .  Thus f o r  example t h e  d a t a  r e p r e s e n t e d  i n  the  p l o t s  o f  f i g u r e  
8 ,  o b t a i n e d  f mm measurement:; o n  p l a n t  s l a g s ,  t h e  c h a n g e  o l  u l a g  r e s i s t !  y 
f o r  t h e  h i g t n - r  a n d  l o w e r  e x t r e m e  v a l u e r ,  w e r e  c o m p u t e d  as
i , 9 4 x l 0 ? -  1 , 1 7  < 7 , 8 } i K r V  -  l t 7 l , x l 0 ' V  ? 5 . /
, ; ,0 4 x i t f  -  T 4 i . i o x i o -3 /  -  2 , 5 1 x 1 0 " V  2 4 . /
Hs l - 1
*8 1 - 2
,  « *
B i o a t i o n a  I t  and 17 d e e c r i b v  c o n d i t i o n s  somewhat more a c c u r a t e l y  th a n
t h e  o n e s  u s e d  p r e v i o u s l y  in  c o n n e c t i o n  w i t h  t h e  o p e r a t i o n  o f  t h e  m o d e l  
furnaces. T h e  e x p r e s s i o n s  a r c  l y  n o  m e a n s  o f  c e n t r a l  v a l i d i t y  a n d  a p p l y  o n l y  
t o  a  p a r t , . u l . t r  f u r n a c e  t y p e  p r o c e s s ! , *  a  p a r t i c u l a r  m a t e r i a l  u n d e r  c a r e f u l  y  
s p e c i f i e d  c o n d i t i o n s .  H o w e v e r ,  a s  i t  i s  s u g g e s t e d  b y  t h e  l i t e r a t u r e ,  a n  e x ­
p r e s s i o n  o f  g e n e r a l  v a l i d i t y  f o r  e l e c t r i c  s m e l t i n g  f u r n a c e s  i s  s i m p l y  n o n ­
e x i s t e n t .  I r o t  a t l y  t h e  o n l y  e x c e p t i o n  i s  Andreas 's g e n u i n e  f o r m u l a  u p o n  
w h i c h  a l l  s u b s e q u e n t  r e l a t i o n s h i p s  w o r e  b a s e d .  T h e s e  r e l a t i o n s h i p s  may b e  
r e g a r d *  .1 p u r e l y  a n  a d e q u a t e  a p p r o x i m a t i o n s  ( a t  t h e  b e s t )  t o  c o n d i t i o n .
p r e v a i l i n g  i n  n c t v ,  1 o p " r a t i n g  u n i t e .
T h e  b a s i c  s h o r t c o m i n g s  o f  t h e  p r o p o s e d  e q u a t i o n ,  f o r  c e l l  c o n o t a n
a n d  t h e  b a s i c  c o n c e p t  o f  c e l l  c o n s t a n t  p r o p e r  i s  a t t r i b u t a b l e  t o  t h e  h i g h
c u r r e n t  d e n s i t i e s  i n h e r e n t  , n  t h e  o p e r a t i c  o f  a  l a r g e - s c a l e  w o r k i n g  u n i t .
T h e o r e t i c a l  p r e d i c t i o n s  a n  h u m p - r e t  by  b o t h  t h e r m a l  a n d  e l e c t r i c a l  c f f e c  ,
i n  t h e  f o r m e r  e a s e  by  c o n v e r t ,  on  and c h a n g e  o f  s p e c i f i c  r e s i r .  i v i t y  of he
s l a g  w i t h  t e m p o r a t u - o .  and i n  t h e  l a t t e r  c a s e  b y  s k i n  e f f e c t s
i o n i s a t i o n  p o t e n t i a l s .  T h i s  m a k e s  t h e  d i r e c t  t r a n s l a t i o n  o l  r e s u l t s  o b t a i n e d  
o n  s p e c i f i c  r e s i s t i v i t i e s  i n  l a b o r a t o r y  t e s t s  I n t o  u s a b l e  f i g , , r o e  f o r  p l a n t -  
s c a l e  o p e r a t i o n  a n d  f u r n a c e  d e s i g n  s o m e w h a t  d i f f i c u l t .
,  /  T h e  m o v e m e n t  o f  t h e  e l e c t r o d e ,  i t s  e f f o r t  upon t h e  . h a p ,  o f c u r r e n t
'  e i h h h h ^ h l — w / ^ e  and on the  h e a t i n g  c o n d i t i o n s  o f  d a g
a n d  m i t t / ' .
a  t e m p t s  h a v e  b e e n  mad e i n  t h e  p a s t  d e c a d e ,  t o  d e t e r m i n e  
t h e  g e o m e t r i c  s i s   o f  c u r r e n t  p a t h  u n d e r  t h e  e l e c t r o d e  w i t h  a  v i e w  to
-  4 0  -
f a c i l i  t a i o  t h o ro b y  I’u rnaco  dimrm; i on i ti;'» The o a r l i e r . t  of th e se  ( a t  the  end 
o f  the  1 9 ) 0 ’ ») i o  a t t r i b u t a b l e  to Ya, K, u ib ak i  n ( 11* ] /  ) who i n v u . , i l ( . a t c d  
th e  c u r  r e n t  d i s t r i b u t i o n  in  bo th  f.in«V.-pha:.-.o and thr<.-<-phase i r o n  m e l t i n g  
f u r n a c e s ,  l in ing coke bed:; made up of 1 and fj  n:m p a r t i c l e : :  r e s p e c t i v e l y ,  he 
d e te r m in e d  the  c u r r e n t  d i s t r i b u t i o n  by m ean u r i rg  o u t  o q u i p o t e n t i a l  c o n to u re d  
between t h e  e l e c t r o d e  and the bottom in  a model f u r n a c e .  Suppor ted  by a v e r y  
compreh.mvLve t h e o r e t i c a l  a n a l yr.in  from the  mearurcmnntr  up to  t h a t  t ime 
l i t t l e - k n o w n  r e l a t i o n : , h i p n  l i k e  e l e c t r o d e  p o s i t i o n  v s .  fu rn ac e  r e s i s t a n c e  and 
o p e r a t i n g  c u r r e n t ,  o p e r a t i n g  c u r r e n t  and r o n i s t a n c e  v s .  fu r n a c e  o i a m e t c r ,  
t h e n  h e a t  d i s t r i b u t i o n  and fu n ia c e  c r o s s - / , r c t i o n  v s .  e l e c t r o d e  d i s t a n c e  from 
th e  f u r n a c e  bo t tom  could  be ec .tabli r .hcd  w i th  good accu racy  f o r  t h r c e -  
c l e c ' r o d e  i r o n  m e l t i n g  f u r n a c e s  o f  c i r c u l a r  c ro : ; : , - n ec t io n .  The shaps  o f  
c u r r e n t  f low found by , ; i l a k i n  wau t h a t  o f  a  p a r a b o l o i d  p a r s i n g  th ro u g h  the  
p e r i m e t e r  o f  the  e l e c t r o d e  U p  and a c r o s s  the  e l e c t r o d e  above th e  t i p ,
Morkramer (1 ))  wiK th e  f i r r . t  to s u g g e s t  a r e l a t i o n s h i p  be tween the  
dimensions o f  t h e  a y s te , .  and th e  s p e c i f i c  r e s i s t i v i t y  o f  the  charge  i n  the
form Rf  « f1Tl)e
based on A n d r e a e ' s  e l e c t r o d e  p e r ip h e r y  c o n c e p t .  By t h i s  e q u a t i o n  h ,  
assumed a  g e o m e t r i c a l  s h a p ,  o f  th e  c u r r e n t  f lo w in g  between th e  e l e c t r o d e  
and t h e  h e a r t h ,  th e  volume o f  which e q u a l  to  t h a t  o f  a  t runca ted  cone .
On t h e  b a s is  o f  model ex p e r im en t s  N i l r e n  (4) a t te m p ted  to  c o r -  
r e l a t e  e l e c t r i c a l  co n d u c t io n  w i th  the  chape o f  c u r r e n t  between e l e c t r o  e
# # # # # :
d ea l  o f  m i n i n t -  , - pn  t a t i o n  an d c o n f u - H o n .
U„d,Un . . . . l ,  U„. n o p h l r . t i c a tv d  t e c h n i q u e
r r S  ~ ‘ - :
r r ; : : , : : ; : , -
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w o r k i n g  f u r n a c e  i n  c o m p a r u - l ,  on  a n  e q u a l  u c a l e .  T l i i n  r n Q d l f ic .c  t h e  e f f e c t  
d u e  to  'magnetic f i - l d o .  L i k e w i s e ,  sk in  e f f e c t s  w h i c h  might h o  n i ^ i f i c a n t  
o n  l a r g e  e l e c t r o , l u n  a r e  c o m p l e t e l y  l o s t  i n  t h e  c a s e  o f  a  m o d e l .  Uo i s  t h e  
c o n s i d e r a b l e  r e a c t a n c e  a l w a y s  p r e s e n t  i n  a n  a r c  f u r n a c e  c i r c u i t  a n d  a l s o  
t h e  i n d u c t a n c e ,  p r e s e n t  i n  t h e  b u s b a r s  o f  a  l a r g e - s c a l e  u n i t .  H o w e v e r ,  a n  
a t t e m p t  war, made i n v o l v i n g  t h e o r e t i c a l  c o n s i d e r a t i o n s  t o  a c c o u n t  f o r  t h e r e  
s h o r t c o m i n g s ,  t h u s  t h e  r e s u l t s  c a n  bo r e g a r d e d  a s  b e i n g  r e p r e s e n t a t i v e  o f  
c o n d i t i o n s  p r e v a i l i n g  i n  I n d u s t r i a l - r i e e  f u r n a c e s .  T h e  b a s i c  p r i n c i p l e  o f  
m e a s u r i n g  c q u l p o t c n t i a l  f i e l d s  w a s  s i m i l a r  t o  t h a t  a p p l i e d  b y  s o m e  40 y e a r s  
a g o  b y  S l b a k i n ,  b u t  t h e  s o p h i s t i c a t i o n  o f  t h e  e x p e r i m e n t a l  t e c h n i q u e  p e r  -  
m ittcd  t h e  a c c u m u l a t i o n  o f  v a s t  a m o u n t s  o f  d a t a  w i t h  t h e  u s e  o f  a  m i n i  
c o m p u t e r  h o o k e d  d i r e c t l y  t o  t h e  m o d e l  f o r  t h e  p u r p o s e  o f  b o t h  g i v i n g  in  -  
e t r u c t i o n a  t o ,  a n d  r e c e i v i n g  d a t a  f r o m  t h e  m o d e l  f u r n a c e ,
f r o m  t h e  r e s u l t s  o b t a i n e d  b y  R a b e y  i t  w o u l d  a p p e a r  t h a t  t h e  
g e o m e t r i c  s h a p e  o f  c u r r e n t  f l o w  u n d e r  t h e  e l e c t r o d e s  c o u l d  n o t  b e  d e s c r i b e d  
f u l ly  b y  a  p a r a b o l o i d  a s  i t  w a s  s u g g e s t e d  e a r l i e r  b y  t h e  m o d e l s  o f  S l b a k i n  
a n d  N i l s e n .  T h e  s h a p e  w a s  c l o s e r  t o  t h a t  o f  a  h y p e r b o l o i d  o r  a t  l e a s t  c o u l d  
b e  f i t t e d  b e t w e e n  a  h y p e r b o l o i d  e n d  a  t r u n c a t e d  c o n e ,  ( s e e  f i g u r e  9 . ) .  
A p p l y i n g  t h e s e  t w o  c o n f i g u r a t i o n s  f o r  t h e  g e o m e t r i c  s h a p e  o f  c u r r e n t  flow, 
two m o d e l s  a r e  p r o p o s e d  i n  t h i s  s t u d y  t o  d e t e r m i n e  t h e  v o l u m e t r i c  e n e r g y  
d e n s i t y ,  a s  e x p r e s s e d  i n  w a t t / c m 5 s l a g  v o l u m e ,  a n d  t h e  c u r r e n t  d i s t r l b u  i o n  
i n  t h e  r e f e r e n c e  f u r n a c e s .  T h e  b a s i c  t h i n k i n g  b e h i n d  t h e  f o l l o w i n g  a n a l y s  s  
i s  t h a t  t h e  a m o u n t  o f  h e a t  i s  r e p r e s e n t e d  b y  t h e  v o l u m e  o f  t h e  g e o m e t r i c  
body o f  c u r r e n t  f l o w  w h i c h  i s  s h a p e d  b e t w e e n  e l e c t r o d e  t i p  a n d  m a t t e  s u r f a c e .  
T h u s  o b v i o u s l y ,  a t  a  c o n s t a n t  r a t e  o f  h e a t  g e n e r a t i o n  b y  t h e  e l e c t r o d e s  .  
a m o u n t  o f  b e a t  c o n t a i n e d  i n  t h e  g e o m e t r i c  b o d y  i s  i n v e r s e l y  p r o p o r t i o n a l  to  
i t s  s i z e  o r  e l s e ,  t o  t h e  d i s t a n c e  b e t w e e n  t i p  a n d  m a t t e  s u r f a c e  o n  a c c o u n t  
o f  t h e  d e c r e a s e  o f  t h e  v o l u m e  w i t h  t h e  d e c r e a s e  o f  t h e  d i s t a n c e .  -  >
u n d e r s t a n d a b l e  b e c a u s e  t h e  e n e r g y  c o n t a i n e d  i n  t h e  b o d y ,  i r r e s p e c t i v e  o f  t  
s h a p e  o r  s i z e ,  a t  a  c o n s t a n t  r a t e  o f  h e a t  g e n e r a t i o n  w i l l  b e  t h e  s a m e  H e n c e
“  : : :  :  r r : : r
t h a t  i s  t h e  p r i n c i p l e  o f  t h e  e l e c t r o d e  c o n t r o l  s y s t e m  i s  b a s e d  o n  t h e  
r e s i s t i v i t y  o f  t h e  s l a g .  When t h e  r e s i s t i v i t y  i s  a s s u m e d  t o  r e m a i n  c o n s t a n t ,  
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a , /  decroar .o  the  o u t p u t  -o l tay>  o f  the  t r a n s f o r m e r  (N d e c r e a s e d )  * 
t h e n  by symbolic  T o p r e s e n t a t i o n  th e  r e s u l t  w i l l  be
t K j)? ?hi » P f • V Vv cfve j. A
• s i n c e  1 H = Q = c o n s t .
T ha t  I s  w i th  the  i n c r e a s e  o f  the c u r r e n t  it w i l l  have to  d e c r e a s e , 
t h e  d i s t a n c e  h betw<‘e n e l e c t r o d e  t i p  and m a t te  s u r f a c e  d e c r e a s e s ,  
t h e  d e p th  o f  e l e c t r o d e  immersion p i n c r e a s e s , the  volume V o f  the  
g e o m e t r i c a l  body d e c r e a s e s ,  t h u s , s i n c e  1 H = Q ( t o t a l  h e a t  i n p u t )
i s  c o n s t a n t ,  the  h e a t  c o n ta in e d  p e r  u n i t  volume ( q /v  ) ,  t h a t  i s
the  volume t r i e  ener<^y d e n s i t y  ( r" ) w i l l  i n c r e a s e , w h i le  th e  a r e a  
A p r o j e c t e d  un to  the s u r f a c e  o f  th e  m a t t e ,  i . e .  the  a r e a  o f  c u r r e n t  
f low  w i l l  d e c r e a s e .
b . /  I n c r e a s e  the  o u t p u t  v o l t a g e  o f  t h e  t r a n s f o r m e r  ( E i n c r e a s e d )  w i th  
i n c r e a s e d  t a p ch a n g e r  p o s i t i o n ,  th e  r e v e r s e  o f  the  a b o v e - d e s c r i b e d  
c a s e  w i l l  r e s u l t .  That i s
E f - M i j n j ) ?  h f .  P v f .  q/ v  <fev  j .  a f ,
C o n se q u e n t ly ,  i f  the  s l a g  r e d s t i v i t y  v a r i e s ,  say  i n c r e a s e s  t h e n ,  
i n  o r d e r  to r e s t o r e  e q u i l i b r i u m ,  the  c u r r e n t  I w i l l  d ro p .  Then 
t h i s  d e c r e a s e s  K and the  sequence  o f  p rocedure  a . /  w i l l  s e t  i n .
The proposed  models o f  c u r r e n t  s h a p e  a r c  snown i n  f i g u r e s  111-11 and 12.  f'rom 
f i g u r e  111-11 the  h e i g h t  o f  the  t r u n c a t e d  cone in  r e l a t i o n s h i p  t o  i t s  base  
i s  g iv en  a s
' -  p -  1 ,25  r b -  O j a
r a d i u s  o f  bane)  an w i th  t h i s  the  volume i s  e x p re s sed
1 ,25  r. -  O J G  0 2
Vo .  TT ( -------------^  )  * r t r b < r t )  2 6 . /
where r ^  ■ r a d iu u  o f  top  and r ^  ■ r a d i u s  o f  base  o f  the  cone.
The volume o f  th e  r e c t a n g u l a r  h y p e rb o lo id  i n  terms o f  e l e c t r o d e  d i a m e t e r
h"V?
-  \  Tt(H -  p ) ?dh 2 7 . /
V ?
With the  volume thur, known the  elmnKe o f  Die v o lu m e t r i c  energy  d e n s i t y  J v e ,
a s  a  f u n c t i o n  o f  the  d i s t a n c e  between e l e c t r o d e  t i p  and m a t t e  s u r f a c e , h .  
i s  p l o t t e d  f o r  f o u r  d i f f e r e n t  r a t e s  o f  power i n p u t ,  v i z  14,  16,  18 and 20 
MW in  f i g u r e  111-13 ,  e x p r e s s i n g  cfvo in  w a t t s / c m 5 s l a g  volume. In  t h i s  way 
th e  v o l u m e t r i c  energy  d e n s i t y  a s  a  f u n c t i o n  o f  th e  dep th  ol  e l e c t r o d e
immersion can b e / . . .
i m m e r s i o n  c a n  b e  a p p r o x i m a t e d  b y  t h e  f o l l o w i n g  f o r m u l a s  :
t r u n c a t e d  cone : ^ ** 0 ,0 4 ^ 1 ^Cii-p)- 1 ’  ^ w/cm^ 2 0 . /
h y p e r b o lo id  J vc » 0 ,050  J- ( l l - p ) ” ^*0 V//cm5 2 9 . /
The e q u a t i o n  o f  t h e  t r u n c a t e d  c o n e  w a s  o b t a i n e d  b y  a v e r g i n g  o u t  t h e  s l i g h t  
c u r v a t u r e  o f  t h e  l o g - l o g  p l o t n  s o  an  t o  o b t a i n  a  s t r i g h t  l i n e  o n  t h i s  s c a l e .  
I n  a  t r u e  s e n s e  t h e n  e q u a t i o n  r e p r e s e n t s  a  h y p e r b o l o i d  wi  t h  v e r y  s l i g h t l y  
c u r v e d  s u r f a c e .
T h e  d i f f e r e n c e  b e t w e e n  t h e  e n e r g y  d e n s i t i e s  o b t a i n e d  b y  t h e  tw o  
m o d e l s  i s  v e r y  s i z e a b l e ,  b u t  i n  b o t h  c a s e s  t h e  i n d i c a t i o n  i s  t h a t  t h e  
m o v e m e n t  o f  t h e  e l e c t r o d e  i s  a s s o c i a t e d  w i t h  v e r y  s u b s t a n t i a l  v a r i a t i o n s  i n  
e n e r g y  d i s s i p a t i o n .  A c h a n g e  o f  a b o u t  0 , 4  m i n  e l e c t r o d e  p o s i t i o n  w n i c h  may  
e a s i l y  o c c u r  i n  w o r k i n g  u n i t s ,  w o u l d  b r i n g  a b o u t  a  more  th«.n t w o f o l d  c h a n g e  
i n  e n e r g y  d e n s i t y  p e r  u n i t  v o l u m e  o f  s l a g  w i t h i n  t h e  g e o m e t r i c  b o d y  a n d  
w o u l d  p o i n t  t o  t h e  n e c e s s i t y  o f  c o r r c c t  e l e c t r o d e  p o s i t i o n i n g  a n d  a s  l i t t l e  
a s  p o s s i b l e  e l e c t r o d e  m o v e m e n t  i n  o r d e r  t o  s e c u r e  t h e  b u s  * e f f i c i e n c y  f o r  
t h e  o p e r a t i o n .
I n t e r e l e c t r o d e  c o n d u c t i o n .
A l t h o u g h  t h e  c a p a c i t a n c e  t e r m s  o f  t h e  e q u a t i o n  d e v e l o p e d  f o r  
f u r n a c e  r e s i s t a n c e  make a l l o w a n c e  f o r  i n t e r a c t i o n  b e t w e e n  e l e c t r o d e s ,  t h e y  
g i v e  n o  i n f o r m a t i o n  a s  t o  t h e  d e g r e e  o f  i n t e r e l e c t r o d e  c o n d u c t i o n .  T h i s  h a s  
a l s o  b e e n  n e g l e c t e d  i n  t h e  f o r m u l a s  o f  K j p ' l s o t h ,  M i l  s e n  a n d  v o n  P e r g k a m p f .
P e r t i n e n t  t o  e l e c t r i c  s m e l t i n g  f u r n a c e s  w i t h  6 - i n - l i n e  e l e c t r o d e  
g e o m e t r i e s  U r q u h a r t  ( 9 )  c a r r i e d  o u t  l a b o r a t o r y  m o d e l  t e s t s  u s i n g  a  s a l t  
s o l u t i o n  t o  r e p r e s e n t  t h e  s l a g  l a y e r  a n d  m e r c u r y  t o  r e p r e s e n t  t h e  h i g h l y  
c o n d u c t i v e  m a t t e  l a y e r .  The  r e l a t i v e  r o l e s  p l a y e d  by t h e  e l e c t r o d e  t i p s  
and  e i d e r ,  w e r e  d e t e r m i n e d  by  i n s u l a t i n g  e i t h e r  t h e  s i d e  o r  t h e  t i p s .  The  
c e l l  c o n s t a n t  war; then e s t im a te d  fr o m  t h e  r e l a t i o n s h i p  R -  ^ ^ k  ( ? s l “
s p e c i f i c  r e s i s t i v i t y  o f  s l a g )  w i t h  t h e  d i m e n s i o n l e s s  p a r a m e t e r  k l )  f o r  t h e  
p u r p o s e  o f  s c a l i n g  t h e  f u r n a c e .  The e q u a t i o n  f o r  c e l l  c o n s t a n t  w a s  
d e v e l o p e d  f r o m  t h e  model proposed by N i l  s e n  ( 4 ) f o r  a  p a r a b o l o i d  p a s s i n g  
t h r o u g h  t h e  p e r i m e t e r  o f  t h e  e l e c t r o d e  t i p s  a n d  e n a b l e s  t h e  e s t i m a t i o n  o f  
c e l l  c o n s t a n t  f o r  t h e  s i z e  o f  t h e  r e f e r e n c e  f u r n a c e s  i n  q u e s t i o n  i n  t h e  
f o l l o w i n g  f o r m  ( 9 )
k  „ 0 , 0 0 1 4 8  I n  -f a O ...t J L l ii , ) 0 . /
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E q u a t i o n  JO. w he n c o m b i n e d  w i t h  t h e  A t t w o o d  f o r m u l a  ( S e c t i o n  1 1 )  g i v e s  c e l l
c o n s t a n t  v a l u e s / . , .
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connt a n t  v a l u e s  s i m i l a r  to  th o se  o b ta in e d  w i th  e x p r e s s i o n  111-17 o f  t h i s  
s t u d y .
In  the  a n a l y s i s  o f  t:ie r e s u l t s  o b t a in e d  by U r^uha r t  on i n t e r  -  
e l e c t r o d e  c o n d u c t i o n ,  denoting; ti:^ f r a c t i o n  o f  c u r r e n t  beIwrvn e l e c t r o d e  
and m a t t e  a s  1^ ^ , e l e c t r o d e  and e l e c t r o d e  l^y^ and tne  t o t a l  o p e r a t i n g  
c u r r e n t  by I t h e  e j u a t i o n  o f  c u r r e n t  p a r t i t i o n  o f  the  e x p e r im e n ta l  d a t a  
a s  i t  was found by th e  w r i t e r  o f  t n i c  s t u d y , can be e x p re s s ed  by t h e  f o l l o w i n g  
a p p r o x im a t in g  fo rm u las  
1 -  I A
100 '  ' " / r  '  h° rC h / e  '  o f  h o t
1 -  h / m  '  h / o  51 • /
1 ’  'o /m o , i s ( ! ' : - p ) 0 , ° 5  -  0 , 1 8  h*'*’5 3 2 . /
t h a t  in  w i th  i n c r e a s i n g  d i s t a n c e  between e l e c t r o d e  t - p  and m a t te  s u r f a c e  the  
I n t e r - e l e c t r o d e  c o n d u c t i o n  i n c r e a s e s .  These e q u a t i o n s  g ive  the  r e l a t i o n s h i p  
between d " p th  o f  e l e c t r o d e  immers ion ,  t o t a l  dep th  o f  mol ten  s l a g  bed and 
c u r r e n t  f lo w in g  from e l e c t r o d e  to  e l e c t r o d e  and from e l e c t r o d 1-* to  m a t t e ,
>'rom t h e s e  d a t a  w i tn  t h e  dep th  o f  e l e c t r o d e  p e n e t r a t i o n  en co u n te re d  i n  
p r a c t i c a l  o p e r a t i o n  w i th  - . . - e l o c t r o d c s - i n - l i n e  f u r n a c e s , ab o u t  75-fV p e r  c e n t  
o f  tne  c u r r e n t  f lows  v i a  el c c t r o d e - r . a t t e - c i  o c t ro d e  and 20-25 per  c e n t  can be 
a t t r i b u t ' d  to  i n t e r - V e c t r o d c  c o n d u c t io n .  These r e s u l t s  have been conf i rmed 
by the  mentioned i n v e s t i g a t i o n s  o f  r.abey (14 )  who f u r t h e r  found t h a t  the  power 
d i s s i p a t i o n  i s  c o n c e n t r a t e d  i n  a smal l  a r e a  around the  e l e c t r o d e  t i p s .  Thus 
f o r  example in  a d i s t a n c e  o f  abou t  one e l e c t r o d e  d i a m e te r  from the  t i p  the  
v o l t a g e  drops  to  1 /*  o f  i t s  o r i g i n a l  v a lu e  and* due to  f u r t h e r  s h a r p  drops  
t h e  p o w r  d i s s i p a t i o n  i s  such t h a t  ve ry  l i t t l e  e x ten d s  beyond t h i s  a r e a .  The 
c u r r e n t  f low l i n e s  o b t a i n e d  a r e  shown In f i / o r e  111-14  i n  which th e  d o t t e d  
l i n e  i n d i c a t e s  the  boundary  whore the  f i e l d  s t r e n g t h  d rops  to  1 /3  o f  i t s  
maximal v a l u e .  The o t h e r  l i n e n  have been drawn th rough  p o i n t s  .at which the  
magni tune  o f  c u r r e n t  has  d e c r ea se d  to  a c e r t a i n  f r a c t i o n  o f  the  maximum v a lu e  
i n  the  p l a n e .  The unarp  v o l t a g e  drop fro:., the  t i p  o f  the  e l e c t r o d e  was 
a l r e a d y  observed  by K jff lnc th  and the  p o t e n t i a l  g r a d i e n t  a l o n g  the  d i s t a n c e  
between the  e l e c t r o d e  and h e a r t h  was a l s o  s i m i l a r  to  t h a t  proposed by the 
same r e s e a r c h e r .
The tempo r-ature and ene rgy  g r a d i e n t s  developed i n  the  g e o m e t r i c  
body in  v o r t i c a l  and h o r i z o n t a l  d i r e c t i o n s  r e p r e s e n t  s i z e a b l e  d e v i a t i o n  
from the  i d e a l i s e d  cane  o f  even energy  d ' n t r i b u t l o n ,  f o r  which the v o l u m e t r i c  
en e rg y  d e n s i t i e s  were e s t i m a t e d .  The v a lu e s  g iven  in  f i g u r e  I I I  -  13
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1 J a n d  b y  e q u a t i o n s  ^  a n d  dG a r c  a v e r a g e r ,  f o r  a  g i v e n  v o l u m e  o f  t h e  
g e o m e t r i c  b o d y  i n  q u e s t i o n .
T h e  f l o w  p a t t e r n  become:? m o r e  c o m p l i c a t e d  when t h e  e l e c t r o d e s  o f  a  
p h a s e  a r e  i n  d i f f e r e n t  p o s i t i o n  w h i c h  i o  v e r y  o f t e n  t h e  c.'uie i n  p r a c t i c a l  
f u r n a c e  o p e r a t i o n .  J-’o r  t h i s  c o n d i t i o n  i i a b e y  s h o w e d  t h a t  v e r y  l i t t l e  e n e r g y  
e s c a p e d  t h r o u g h  t h e  s i d e  w a l l s  o f  t h e  s u b m e r g e d  e l e c t . o d e  a n d  t h e  s a m e
a m o u n t  o f  p o w e r  w a s  d i n r . i p a t e d  a r o u n d  e a c h  e l e c t r o d e  i r r e s p e c t i v e  o f  i t s
s u b m e r g i o n  p r o v i d e d  i t  w a s  n o t  t o o  c l o n e  t o  t h e  m a t t e *
I t  may b e  o f  i n t e r e s t  t o  c o m p a r e  t h e s e  f i n d i n g s  w i t h  t h e  r e s u l t s
o b t a i n e d  i n  e l e c t r o  s l a g  r e m e l t i n g  (KL>R) m o d e l  t e a t s  w h i c h  h a v e  b e e n  c a r r i e d  
o u t  e x t e n s i v e l y  i n  r e c e n t  y e a r s  b y  v a r i o u s  r e r . e a r c h e r s .  ( 1 5 ,  1 6 ,  1 7 ) .  The  
f l o w  i n  t h e  b i  t : l a r  e l e c t r o d e  p r o c e s s  may b e  r e g a r d e d  a s  t h a t  m o s t  c o m p a r a b l e  
w i t h  t h e  m a t t e  s m e l t i n g  f u r n a c e s  h a v i n g  tw o e l c c t r o d e s  p e r  p h a s e  o f  c u r r e n t .  
F i g u r e s  I l l - l ^ a  a n d  1 5b b a s e d  on t h e  r e s u l t s  o f  t h e s e  m o d e l  t o o t s  g i v e  an  
i n d i c a t i o n  o f  w h a t  t h e  f l o w  p a t t e r n  o f  s l a g  m i g h t  b e  a t  h i g h e r  ( a )  a n d  l o w e r  
( b )  e l e c t r o d e  p o s i t i o n .  When t h e  c u r r e n t  i s  d i s s i p a t e d  f r o m  o n e  e l e c t r o d e  
t o  a n  o t h e r  i d e n t i c a l  e l e c t r o d e  e a c h  w i t h  i d e n t i c a l  i m m e r s i o n t t h e  s l a g  
h e a t i n g  s e e m s  t o  b e  e s s e n t i a l l y  i n  t h e  u p p e r  p a r t  o f  t h e  p o o l  a n d  g e n e r a l l y  
i n  i t s  c e n t r a l  r e g i o n .  A t  h i g h e r  e l e c t r o d e  p o s i t i o n  t h e  s l a g  c i r c u l a t e s  
p a s t  e a c h  e l e c t r o d e  w h i l e  w i t h  a  s h a l l o w e r  b a t h  o r  d e e p e r  e l e c t r o d e  
p e n e t r a t i o n  t h e r e  i s  a  much s t r o n g e r  t e n d e n c y  f o r  d e s c e n d i n g  s l a g  c o l u m n  
b e l o w  e a c h  e l c c t r o d e .  I n  t h e  c o n t e x t  o f  e l e c t r i c  f u r n a c e s  t h i s  a s p e c t  i s  
i l l u s t r a t e d  i n  f i g u r e  1 1 1 - 1 6 .  i n  w h i c h  a . /  r e p r e s e n t s  c o n d i t i o n s  i n  a n  i n ­
f i n i t e  b a t h  a s  e . g .  r e f e r r e d  t o  i n  t h e  f o r m u l a  o f  D o w n i n g  a n d  U r b a n  ( e q u . 9 . ) 
w h i l e  b . /  s h o w s  t h e  p a t t e r n  o f  c o n d u c t i o n  b e t w e e n  e l e c t r o d e s  i n  a  s h a l l o w  
b a t h .  -  W i t h  t w o  e l e c t r o d e s  i n  d i f f e r e n t  p o s i t i o n ,  f i g u r e  I j 1 - 1 7 ,  a f t e r  
h a w s o n  e t  a l .  ( 1 6 )  d e m o n s t r a t e s  t h e  e f f e c t  o f  a n  i n b a l a n c e  o f  e l e c t r o d e  
i m m e r s i o n  i n  t h e  b i f i l a r  i.V.ii p r o c e s s .  H e r e  t h e  l o w e r  e l e c t r o d e  p r o d u c e s  a  
d i s t o r t e d ,  s t r o n g  t o r o i d a l  f l o w .  A p o r t i o n  o f  t h e  c u r r e n t  p a s s e s  d i r e c t l y  
b e t w e e n  t h e  e l e c t r o d e s  i n  t h e  u p p e r  p a r t  o f  t h e  b a t h  c r e a t i n g  a  s l a g  f l o w  
t o w a r d  t h e  l o w e r  e l e c t r o d e .  The p r e s s u r e  g r a d i e n t  b e t w e e n  t h e  e l e c t r o d e  
a n d  t h e  m e t a l  p o o l  i s  s t e e p e r  i n  t h e  c a s e  o f  t h e  l o w e r  e l e c t r o d e  a n d  t h e  
f l o w  t h e r e ,  a s  a  c o n s e q u e n c e , m ore  v i  <;oro>ia*
L e t  u s  c o n s i d e r  now t.h;- c a s e  when d i f f e r e n t l y  s i z e d  f u r n a c e s  wor k i n g  
on  t h e  sa m e  raw m a t e r i a l s  fo rm  g e o m e t r i c a l l y  and e l e c t r i c a l l y  s i m i l a r  s y s t e m s .  
The o h T i c  v o l t a g e  d r o p  w i t h i n  t h e  g e o m e t r i c  b o d y  o f  e u r r e i . t  f l o w  may b e  
e v a l u a t e d  b y  i n t e g r a t i n g  a l o n g  t h e  c u r r e n t  p a t h  :
K - | v A i i (l1 3 ? . /
wher e  A ^ / , . ,
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where A ^  i s  the  cur r u n t  d e n s i t y  a t  a d i c t u n c e  1 from the  e l e c t r o d e  t i p .  
L i k e w is e ,  thm e l e c t r o d e  c u r r e n t  may bo found by i n t e g r a t i n g  o v e r  an e q u i  « 
p o t e n t i a l  s u r f a c e  i
1 Ai l dA 5 4 ./
dA b e i n g  h e r e  the  s u r f a c e  inc rem en t  to  which b e l o n f c .  Then the  otunic 
r e s i s t a n c e  i n  the  g e o m e t r i c  body w i l l  be
t A ^jdA
S in c e  th e  n u m e ra to r  c o n t a i n s  a  l i n e a r  p a ra m e te r  ( d i s t a n c e ) w h i l e  the  d e ­
n o m in a to r  i n v o l v e s  th e  a r e a  which i s  q u a d r a t i c  so ,  o b v i o u s l y ,  t h e  i n c r e a s e  
o f  t h e  s i z e  o f  the  sys tem  w h i le  th e  r e s i s t a n c e  i s  k e p t  c o n s t a n t  w i l l  imply  
t h a t  E i n c r e a s e s  w i th  the  f i r s t  power and I w i th  the  second power.  In  t h i s  
way R i s  i n v e r s e l y  p r o p o r t i o n a l  to  l i n e a r  d imens ions  which i s  the  b a s i c  
c r i t e r i o n  i n  A ndreao1s e l e c t r o d e  p e r i p h e r y  c o n c e p t .
The p r a c t i c a l  im por tance  o f  the  problem w i l l  be a p p a r e n t  i n  s c a l e -  
up  c o n s i d e r a t i o n s  p e r t i n e n t  to  f u r n a c e  sym m etr ie s .  When th e  sys tems  to  be 
compared a r e  g e o m e t r i c a l l y  s i m i l a r ,  i . e .  c o r r e s p o n d i n g  p o i n t s  w i l l  have 
e q u a l  r e s i s t i v i t i e s ,  the  a s p e c t  o f  the  shape o f  c u r r e n t  pa th  an d ,  a l s o ,  the  
v a r i a t i o n  o f  r e s i s t i v i t y  w i t h i n  the  g e o m e t r i c  body o f  t h i s  c u r r e n t  p a th  
becomes a m a t t e r  o f  s ec o n d a ry  im p o r tan c e ,  even may be l e f t  o u t  c o m p le t e ly  
from f u r t h e r  c o n s i d e r a t i o n .
) . /  P r a c t i c a l  f e a t u r e s  o f  the  e f f e c t  o f  the  change o f  s l a g  co m p o s i t io n  
on e l e c t r o d e  movement w i th  p a r t i c u l a r  r e f e r e n c e  to  the  o p e r a t i n g  
f u r n a c e s .  '
With due r e g a r d  to  the  i m p l i c a t i o n s  o u t l i n e d  above p e r t a i n i n g  to 
t h e  flow p a t t e r n  o f  c u r r e n t  and the  movement o f  s l a g  a s s o c i a t e d  w i th  i t ,  
t h e  d i f f i c u l t y  o f  making g e n e r a l l y  v a l i d  p r e d i c t i o n s  a s  r e g a r d s  t h e i r  
e f f e c t  on f u r n a c e  o p e r a t i o n  becomes o b v io u s .  On the  o t h e r  hand w i th  some 
c a u t i o n  i t  may be p o s s i b l e  to  draw some p r a c t i c a l  c o n c lu s io n s  i n  r e s p e c t  
o f  c e r t a i n  f e a t u r e s  o f  the  o p e r a t i o n ,  Como c o n s i d e r a t i o n s  in  c o n n e c t io n  
w i th  the r e f e r e n c e  f u r n a c e s  which,  however,  a r e  thou g h t  to  be a p p l i c a b l e  
a l s o  to  o t h e r  u n i t s  o f  the name type  a r e  o u t l i n e d  below,
Graphs I IT -4  and 5 ohow the re sp o n se  o f  v a r i o u s  p a r a m e t e r s ,  such  
a s  c u r r e n t  and power i n p u t  r a t e s  an w e l l  a s  e l e c t r o d e  movement upon th e
change in  s l a g / , ,»
-  rJ rJ  -
change in  o lag  composition an evaluated from oqu. 1?. Tho rc la t io n n h ip e
a r e  ba^ed on o y n D m t i c  nlagr, b u t , a s  wat: r e f o r r o d  to  p r e v i o u s l y , i n  c a s t  
o f  p l a n t  GlaijG the  e f f e c t  in  much le an  pror.ounced duo i n  a l l  p r o b a b i l i t i e s  
m a in ly  to  th e  random v a r i a t i o n  i n  the  p e rc e n ta g e  o f  tho v a r i o u s  g l a g -  
fo rm in g  c o n s t ! t u u i t u  ac  a g a l n o t  t h e  c a r e f u l l y  c o n t r o l l e d  co m p o s i t io n  change 
o f  t h e  s y n t h e t i c  tU a g s .  tlowc-ver, the  b a s i c  p r i n c i p l e  go v e rn in g  t h e  com -  
p o s i t i o n  e f f e c t  sh o u ld  be the nanx* in  bo th  c a s e s ,  t h e r e f o r e  the  f i n d i n g s  
o u t l i n e d  a r e  o i  g e n e r a l  v a l i d i t y  f o r  t h e s e  ty p es  o f  s l ag s*
The two most i n f l u e n t i a l  : ; lag  components in  th e  change o f  th e  
e l e c t r i c a l  parame t e r  is o f  f u r n a c e  o p e r a t i o n  woit foujid to  be tne  FeO and MgO#
As w i l l  be a p p a r e n t  from f i g u r e s  I I I -4 and 5* t h e i r  e f f e c t  i n  t h e  com -  
p o s i t i o n  range  o <' t h “ p l a n t  s l a g s  i s  by and l a r g e  the  Game, S i n c e ,  f o r t u n a t e l y  
from t h e  e v a l u a t i o n  p o i n t  o f  v iew ,  the  p e rc e n ta g e  v a r i a t i o n  o f  t h o s e  con ~ 
e t i t u e n t e  i s  a l s o  s i m i l a r ,  (11,5 to  1 6 , Pe a s  a g a i n s t  12,5 t o  16,056
tO v •
MgO)* t h e  f o l l o w i n g  d i s c u s s i o n  w i l l  r e l a t e  to  the  ©rft-ct o f  b o th  components .
"Rie shaded a r e a  i n  th e  f i g u r e s  den o tes  the  a c t u a l  o p e r a t i n g  range 
with r e g a r d  t o  c u r r e n t  and power in  th e  c o n te x t  o f  the  c o m p o s i t io n  v a r i a t i o n  
o f  the p l a n t  a lag r . .  I t  i s  c l e a r  t h a t  in  o r d e r  to remain i n  the  des ired  
range o f  optimum 17 ,5  to  19 Mw’ power i n p j t ,  the  dep th  o f  e l e c t r o d e  immersion 
w il l  have to  vary  from 1)^/2 ( a t  I t ' , 5 kA at a maximum) up t o  D^/5 ( a t  17*5 
kA as a maximum) when the  av erage  s l a g  te m p e ra tu re  i s  taken as 1400°C and 
the h e i g h t  o f  th e  s l a g  lay e r  1 ,4  m. Th is  would mean an e l e c t r o d e  movement 
o f  6 2 ,5  -  25 ” 4?*5 cm. I n c r e a s i n g  now e i t h e r  the  FeO o r  MgO c o n t e n t  o f  t h e  
e lag  t h e  shaded arc a w i l l  ex tend  toward the  r i g h t  on acc o u n t  o f  t h e  i n c r e a s e d  
c o n d u c tiv i ty ,  i . e .  d e c r e a s e d  r e s i s t i v i t y  o f  the  r l a g .  To compensate  f o r  t h e  
lo ss  o f  r e s i s t i v i t y  and in o r d e r  to keep tho range o f  power i n p u t  u n changed , 
the autom atic c o n t r o l  r i s e s  the  e l e c t r o d e ,  thus  i n c r e a s i n g  R and lowering I»
I f  one d e c id e d  to i n c r e a s e  the  t r a n s f o r m e r  c a p a c i t y  w i t h  a  view 
o f  i n c r e a s i n g  the  power i n p u t  mid th e re b y  the  th ro u g h p u t  r a t e  i n  t h e  f u r n a c e ,  
a c c o r d i n g  to  g ra p h s  111-4 and 5 an upward s h i f t  i n  power i n p u t  would i n  -  
v a r i a b l y  cause  the e l e c t r o d e s  to  " r i d e  h i g h e r "  a t  unchanged c u r r e n t s , i . e .  
between 17,5  and I B , 1) kA, However, w i th  the  h i g h e r  c u r r e n t  from t h e  t r a n s ­
fo rm er ,  a  ay 20 to  7'? kA, the c u r r e n t  p l o t s  a s s o c i a t e d  w i th  lower  e l e c t r o d e  
p o s i t i o n s  would be s h i f t e d  more and more to the r i g h t  o f  the  g r a p h .
C a l c u l a t i o n s  i n d i c a t e d  t h a t  in  t h i s  c a se  the  e l e c t r o d e  cou ld  be k e p t  a t  i t s  
c o n v e n t io n a l  D / ? f 5  to  d e p th  o f  immersion even i f  the  MgO c o n t e n t
in c r e a s e d  to  more than 19/. and the  FeO above [H.fi, Thus w i th  s l a g s  o f  h igh
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FeO r.nd MgO c o n t e n t s  p r o v i s i o n s  s h o u l d  t o  made f o r  i n c r e a s e d  h e a t i n g  
r ^ v / e r ,  t h a t  i s  f o r  i n c ’ e a s e d  t r a n s f o r m e r  c a p a c i t y .  -  I f ,  o n  t h e  o t h e r
h a n d ,  t h _  r a t e  o f  p o w e r  i n p u t  w e r e  d e c i d e d  t o  b e  d e c r e a s e d  t o  s a y  1 6  MW,
t h e  c o n d i t i o n s  w o u l d  b e  r.ucli t h a t  e v e n  a t  a n  e x t r e m e  v a l u e  o f  2 6 #  FeO i n
t h e  s l a g  t h e  e i c c t r o d e  w o u l d  c o m f o r t a b l y  o p e r a t e  a t  a  maximum o f  1 8  kA
c u r r e n t  a n d  e l e c t r o d e  p o m  l i o n s  n o t  h i g h e r  t h a n  I) / j .
A s  may b e  J u d g e d  f r o m  t h e  p l o t s  o f  f i g u r e  U I - I J ,  t h e  a v e r a g e  r a t e  
o f  h e a t  g e n e r a t i o n ,  d e p e n d i n g  o n  t h e  a s s u m e d  s h a p e  o f  c u r r e n t  f l o w ,  w o u l d  
i n c r e a s e  o r  d e c r e a s e  b y  a b o u t  2 ? t o  4 0  p e r  c e n t  i f  t h e  e l e c t r o d e s  w e r e  
l o w e r e d  o r  r a i s e d  b y  a b o u t  1 ‘j  cm.  On a c c o u n t  c f  t h e  r e g u l a t i n g  s y s t e m  
t a k i n g  c a r e  o f  a n y  c h a n g e  i n  r e s i s t i v i t y  b y  v i r t u e  o f  t h e  E / l  -  c o n s t a n t  
r e l a t i o n s h i p ,  t h e  p a r t  p l a y e d  b y  m o d e r a t e  e l e c t r o d e  m o v e m e n t  m i g h t  b e  
d i m i n i s h e d  a n d ,  a s  a  r e s u l t ,  a m o r e  e v e n  h e a t i n g  o f  t h e  s l a g  e n s u r e d .  The  
e x t e n t  o f  t h i s  " m o d e r a t e "  e l e c t r o d e  m o v e m e n t  c a n  b e  j u d g e d  a g a i n  f r o m  g r a p h  
1 ? .  S a y  a  + 5 p e r  c e n t  c h a n g e  i n  h e a t i n g  p o w e r  w o u l d  i n d i c a t e  a  c h a n g e  i n  
e l e c t r o d e  p o s i t i o n  b e t w e e n  D ^ / 2 , 4  a n d  D ^ / 2 , 0  t h a t  i s  a b o u t  8  cm.  T h i s  i s  a  
r a t h e r  s m a l l  m o v e m e n t  a n d  p o i n t s  t o  t h e  n e c e s s i t y  o f  c l o s e  c o n t r o l  o n  
e l e c t r o d e  p o s i t i o n i n g .  I t  m u s t  b e  e m p h a s i z e d  a g a i n  h e r e  t h a t  t h e s e  
s u g g e s t i o n s  a r e  b a s e d  o n  r e s u l t s  o f  e l e c t r i c a l  c o n d u c t i v i t y  m e a s u r e m e n t s  
o b t a i n e d  i n  t h e  l a b o r a t o r y  on  s y n t h e t i c  s l a g s .  I n  p l a n t  s l a g  r e l a t i o n s  t h e  
i n f l u e n c e  o f  t h e  c h a n g e  o f  s l a g  c o m p o s i t i o n  i . e .  t h e  r e s u l t i n g  c h a n g e  i n  
e l e c t r o d e  p o s i t i o n i n g  o n  h e a t i n g  p o w e r  w i l l  b e  c o n s i d e r a b l y  l e s s  p r o n o u n c e d .
F u r t h e r m o r e , a l l  c a l c u l a t i o n s  o f  f u r n a c e  r e s i s t a n c e  b a s ^ d  o n  a n y  o f  
t h e  s u g g e s t e d  e x p r e s s i o n s  w i l l  n e c e s s a r i l y  r e f l e c t  i d '  e d i t i o n s ,
s i n c e  i n  an  o p e r a t i n g  f u r n a c e  t h e  a c t u a l  e l o e t r  s i s t a n c e  w i l l
v a r y  f r o m  t i m e  t o  t i m e  i n  a  r an do m  p a t t e r n  a c c o .  „ne  f l u x  o f  f e e d
m a t e r i a l  t o  t h e  e l e c t r o d e s .  M e a s u r e m e n t s  c a r r i e d  o u t  o n  t h e  r e s i s t a n c e  o f  
o n e  p h a s e  w i t h  t h e  m o v e m e n t  o f  o n e  e l e c t r o d e  o f  t h a t  p h a s e  i n  a  w o r k i n g  u n i t  
( 1 8 )  r e s u l t e d  i n  f i n d i n g s  s u m m a r i s e d  i n  f i g u r e  1 8 .  Th e  e f f e c t  o f  t h e  c o n  -  
d i t i o n  o f  c h a r g e  a r o u n d  t h e  o . e c t r o d o  ( s o l i d  o r  e o m i - s o l i d  m o l t e n  p e l l e t s ,  
o r  f l u i d  s l a g )  i s  a p p a r e n t  f r o m  t h e  g r a p h  i n d i c a t i n g  c o n s i d e r a b l e  v a r i a t i o n s  
i n  e l e c t r o d e  m o v e m e n t  w i t h  t h e  c h a n g e  o f  t h e  p h y s i c a l  c h a r a c t e r  o f  t h e  f e e d  
m a t e r i a l .
4 . /  F u r t h e r  n o t e s  on the  e f f e c t / . . .
Figure 111-19. VOUAu1; ,  CLl-CfiAj'j . ';UR ,’LNT, PC.VZK FACTOR AfL SLAO i.O'TO'TlW

















200 EloctroiJo to  neut ra I175150
9
300 350 Tranaformor aouonoary vol tage2bO200
-■ - — i, -  — ^  .I -  J — I i i . 11. 11111 —A— —J . — —— -J——. . . . i . i




ei 11 i one
-  vt -
4 . /  I'lu.ril)or note ::  o>,
__________________ ■' * (: °1 norij i  l i o n  on ruiTinoe o p e r a t i n g
p a r a , , , , i r r , \ i t h l r 7 7 u mn ; - ^ ^ : i t— „
f u r n a c e  ro.1ation»hj"i, .
Fieui 'cc  i n -4  a.,1 a « » 0„ UK- p f f o n l  Of Klag com pos i t ion  upon power,
c u r r e n t  an,] M . ' C t r o d . ,  I ' o . i t i o n  r. l . - . t i o m , .  F u r t h e r  t o  ro.7.o o f  t h e  f u r n a c e
o p e r a t i n g  o h a m c l . r i „ t l m  t h e  I ' u l l o w i , , , .  a  c o n s i d e r a t i o n s  may b e  o f
i n t e r e s t ,
a . /  C u r r e n t  .■trul powr^r.
T h e  ma,rni t u d e  o f  o l o c t r o d c  c u r r e n t  i n  c a n e  o f  s u b m e r g e d  e l e c t r o d e ,  s l a g  
r e s i s t a n c e  h e a t e d  f u m u c v u  i s  t: i v w .  by Ohm'c  l a w .  I n  o h m i c  r e s i s t a n c e  t h e  
v o l t a g e  i s  i n  p h a s e  w i t h  t h e  c u r r . n t ,  t h e r e f o r e  V -  I H ,  w h i l e  i n  c a s e  o f  I n ­
d u c t i v e  r e s i s t a n c e  t h e  c u r r e n t  ir.  9 u °  b e h i n d  t h e  v o l t a g e ,  a n d  = I L  o r  
I x c » Xc  b e i n g  t h e  c i r c u i t  r e a c t a n c e .  To t h i s  com en t h e  r e s i s t a n c e  o f  t h e  
l e a d s ,  t r a n s f o r m e r ,  e t c .  d e n o t e d  a »  Now w i t h  t h e  t o t a l  r e s i s t a n c e  o f
t h e  s y s t e m  t h e  e l e c t r o d e  c u r r e n t  i n  g i v e n  an
t _ U
V5 V (Hf  4 Kg) + Xc
3 7 , /
For a p h a s e  o f  t h e  s i x  e l e c t r o d e  f u r n a c e  and w i t h  tw o  e l e c t r o d e s  p e r  p h a s e  
one c a n  w r i t e
/ ,r f’T T 7 7 7 3 7 a . /
h e r e  -  l l / ^ J
I n  d e t e r m i n i n g  tr .e  e l e c t r o d e  c u r r e n t  e q u .  3 7 a  r e l e t e s  t o  o n e  s i n g l e  e l e c t r o d e  
p o s i t i o n  and s l a g  b e d  d e p t h .  The  i m p o r t a n c e  o f  t h e s e  f a c t o r s  i n  c a l c u l a t i n g  
f u r n a c e  r e s i s t a n c e  h a s  b e e n  d i s c u s s e d  i n  t h e  f o r e g o i n g s  and  v a r i o u s  f o r m u l a s  
f o r  t h e  e v a l u a t i o n  o f  c e l l  c o n s t a n t  w e r e  s u g g e s t e d .  T h e r e f o r e  t h e  f u r n a c e  
r e s i s t a n c e  i s  c a l c u l a t e d  b y  u s i n g  o n e  o f  t h e  o u t l i n e d  e q u a t i o n s  f o r  t h e  c e l l  
c o n s t a n t  k , w i t h  k -  K( i i  -  p ) , w h e r e  c o n s t a n t  K i n  t h e  c a s e  o f  t h e  r e f e r e n c e  
f u r n a c e s  i s  ? , ? f; g i v i n g  t h u s  Hf  i n  m i l l i o h m n .  T h e n  e x p r e s s i o n  3 ? a  b e c o m e s
c -  ~P) ) \  h J 71. x ;  ?8 , / /
W i t h  t h e  u s e  o f  e q u . 30  f i / n i r o  1 1 1 - 1 9  w a s  r o n s t r u r t e d  b a s e d  o n  c o n d i t i o n s  
p r e v a i l i n g  i n  t h e  r e f e r e n c e  f u r n a c e s  w i t h  a n  a v e r a g e  s l a g  bed d e p t h  o f  1 4 0  
cm a n d  d e p t h  o f  e l e c t r o d e  i m m e r s i o n  4 f! t o  ^0 cm ( «  Dg / ? ,  4  t o  1)q/ 2  , 6 ) .  S l a g  
G r o u p  V w a s  t a k e n  a s  an e x a m p l e  w i t h  t h e  i r o n  o x i d e  c o n t e n t  v a r y i n g  f r o m  
4 > 9 ^ 3 | 0 9  o h m . c , .  T h i n  g i v e s  a  v a r i a t i o n  o f  f u r n a c e  r e s i s t a n c e  o f  1 0 , 6
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t o  M  mll l lohji .  a I. o v , I .  r a t u r o  o f  M00°C. T!a, g r a p h  In  .
co rpo raU !8  a l s o  l | , . „rrWl n l a g  .a.,,,,oa i t i o n  ap . , ,  tl.o power f a c t o r  when 
C O B C f  i ! 3  c a l c u  l i )  I -  ( i
x . 4 K
ca: 'f “ * 7 ~ ™ . - r r - n ~ r r r :  3 9 . /
/ ( k ,  .V)*; /
Ae Wl13 b e  n c e n  i n  t l  f t h e  c i u . M / , .  j n  B l a g  c o m j , ( ) B i t l o r .  h a c  o n l y  a  v e r y
l im ite t .  o l l e c t  o n  the powc v l iU’toi'.
hy the mir/n o t i o n  o f  r.o;-kr:«z:K.-r(l3) the " h t a r t h  v o l t a g e "  (which 
i e  e q u i v a l e n t  t o  the  e l e c l r o i l e - t o - n e u t r a l  v o l t a g e )  c a n  bn c a l c u l a t e d  w ith  
the  f o l l o w i n g  for i ; ; . .  1 a
H = 3^1I Ti J) 4 o . /
c
With the  i n c o r p o r a t i o n  o f  the  e l e c t r o d e  d i a m e te r  as; a v a r i a b l e ,  e q u a t i o n  40 
involves? a l s o  furnace* symmetry a s p e c t s .  The c u r r e n t - v o l t a g o - n l a g  co m p o s i t io n  
r e l a t i o n s h i p  e s t i m a t e d  w i th  this; e q u a t i o n  is; d e p i c t e d  in  f i g u r e  IT I-2Q .  At 
lower s l a g  r e s i s t i v i t i e s  the  agreement between the v a l u e s  o f  f i g u r e s  111-19  
and 111-20 i s  e x c e l l e n t .  At; the r e s i s t i v i t y  i n c r e a s e s ,  the  " h e a r t  v o l t a g e "  
c a l c u l a t e d  by Xorkr^av r ' s  formula  be comer, somewhat, h ig h e r  and ,  c o r r e s p o n d i n g l y ,  
the e l e c t r o d e  c u r r e n t  lower  than i n d i c a t e d  in  f i g u r e  111- 1 9 ,
The c i r c u i t  r e s i s t a n c e  K o f  the  system i s  c o n s t a n t .  As to  t h e  o t h e r
momebers o f  t h e  r e s i s t a n c e  group the  i n d u c t i v e  r e s i s t a n c e  X d epends ,  a p a r t
from the  s h o r t  c i r c u i t  r e a c t a n c e  o f  the  f u r n a c e , on th e  geo m et r ic  o u t l i n e  and
measure  o r  th e  h igh  c u r r e n t  lo ad s  b- tween f u r n a c e  and t r a n s f o r m e r .  The
e l e c t r o d e  p o s i t i o n  has  only l i t t l e  e f f e c t  on the  va lue  o f  X . The a c t i v e .
c ’
o r  f u r n a c e  r e s i s t a n c e  Hf , on the  o t h e r  hand, changes  g r e a t l y  w i th  th e  p o s i t i o n  
o f  th e  e l e c t r o d e s  a t  c o n s t a n t  feed rate- and com pos i t ion  o f  the  b u rd e n .  F ig u r e s  
I I I - 4  and 3 g<ve a good i n d i c a t i o n  o f  the  e f f e c t  o f  e l e c t r o d e  p o s i t i o n  on the  
v a r i a t i o n  o f  power i n p u t  tc the  f u r n a c e  a t  any s p e c i f i c  s l a g  c o m p o s i t i o n ,  so 
t h i s  a s p e c t  needs  no f u r t h e r  d i s c u s s i o n  in t h i s  p l a c e .
For  a comparison l e t  u« assume now t h a t  an a r c  fu rnace  i s  o p e r a t i n g  
w i th  a  c l a g  the  r e s i s t i v i t y  o f  which i s  s i m i l a r  to t h a t  produced i n  th e  
r e f e r e n c e  s l a g  r e s i s t a n c e - h e a t e d  f u m a e f s .  The t r a n s f o r m e r  t a p p i n g  g i v e s  a 
vol t a g e  ra t  ge o f  I'/O to 3‘yj v o l t  on the  h igh  current ,  s i d e .  With th e  h i g h e s t  
t a p  ( - 1 7 )  t il"  v o l t a g e  i s  3r/)V and the  vol t a g r - c u r r e n t  r e l a t i o n  w i l l  be th us  
r e p r e s e n t e d  by the  second h i g h e s t  l i n e  in  f i g u r e  111-19.  Then th e  power i n ­
p u t  l-1^  can be c a l c u l a t e d  by the  f o l l o w i n g  c o n s i d e r a t i o n s :
r w " 5 V e 0 0 8 ^
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t h a t  i s  p e r  phase
} ?h V I coscf o e 1 4 1 . /
Since v= ■ 1 Rf. + 1. XO i V C
and by f i g u r e  111-226 I X - e c V ln t




4 2 . /
P u t t i n g  42 i n t o  41 g i v e s  then
r
W “
the  a p p l i e d  r e a c t i v e  power a s  
Vo— w in d  c o s ce 
Xc
45 . /
The w a t t l e s s  power
h  -
2
4 4 . /
and th e  t o t a l  a p p a r e n t power ( c i r c u i t  i n p u t  power o r  Mw)
V -a
v?
~  s i n  
c
45 . /
w h i le  th e  l o s s  o f  power fi  -
«°
CMN’N 4 6 . /




'w  -  * 1  .
V
3 ~  s inc f  cor, <JT ) -  3 4 7 ./
Using th e  quo it 'd d a t a  and the  a to v e  e q u a t i o n  f i g u r e  111-21 i s  o b t a i n e d  g i v i n g  
a g r a p h i c a l  d in p l a y  o f  the c o n d i t i o n s  f o r  th e  p a r t i c u l a r  a r c  f u r n a c e , the  
maximum power c o i n c i d i n g  w i th  c o o ■ 4 5 ° ,  t h a t  i s  -  0 ,7 0 7  o r  1 /  V ^ .  In
th is  way the  optimum o p e r a t i n g  range  i s  r e s t r i c t e d  to  cos -  40° t o  50° or*
as r e g a r d s  maximum e f f e c t i v e  s m e l t i n g  power, to  4 5 ° to  55° .  A d e c r e a s e  to  
50°  o r  i n c r e a s e  beyond ''<0 °  o f  the  phase  a n g le  b r in g s  abou t  an a b r u p t  de -  
t o r i o r a t i o n  in  s m e l t i n g  e f f i c i e n c y .
The change in  fu rn ace  r e s i s t a n c e  from 7,05 to  10 ,6  mi H i  ohms ( c o r ­
r e s p o n d in g  to  a  v a r i a t i o n  in the i r o n  c o n t e n t  o f  the  s l a g  from 19 t o  11 $ )  
would r e s u l t  in  the  s h i f t  o f  the  optimum o p e r a t i n g  c u r r e n t  a s  o u l in c d  i n  
g raph  111-^2 ,  f o r  f i v e  d i f f e r e n t  s l a g  r e s i s t i v i t i e s .
As a g a i n s t  th o s e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  a submerged a r c  f u r n a c e ,
th e  s l a g  r e n i s t a n c e - h e a t e d  submerged e l e c t r o d e  fu r n a c e s  e x h i b i t  a  v a s t l y  
d i f f e r e n t  b e h a v io u r .  The main d i f f e r e n c e  in  I he o p e r a t i o n  o f  the  twvp f u r n a c e














typ^n i s  ro f loo t f . - i  p r im ar i . ly  i n  the conr j r torablf t  i n e q u a l i t y  boLwoen tho 
ohmic and indvin t i r * » r i r  tanc:- o f  a  chai  ~<; r o o i s t a n c o  fui*nacr ac compared to  
t h a t  o b t a j n i n f ,  i n  a subnicrn vi a r c  fu r ' i a c o ,  Owiri^ to  t h in  f a c t  the  f a m i l i a r  
load  c u r v e s  reJal . i 'd  to  the  l a t t e r  f u r n a c e  type  oannot  be c o n s t r u c t e d  w i th in  
th e  ran^je o f  o p e r a t i n g  c u r n ' n t  c h a rac tez  i : ; t i o  to Blag r e n i a t a n c c - h e a t e d  
u n i t s #  This  become:'! imme.i l a t e l y  obvioa.T J'ron the  ve ry  s l i j r i t  ro spouse  o f  
the  power f a c t o r  to chan£Jren in  n la y  componi t i c n , i . e .  r e s i s t i v i t y .
C o n ae q u e n t ly , thcr;e f u r n a c e s  o p e r a t e  w i t h o u t  any p a r t i c u l a r  e f f o r t  ( i n  cane 
o f  a p p r o p r i a t e  co m p o s i t io n )  way on the  l e f t  o f  the  power ( o r  v o l t a g e )
c i r c l e  d iagram phowi. in  f i^-uro 111-.v.b w i th  h igh  r e t j . r t a n c c  and low r e a c t a n c e  
v o l t a & e c .
For  a  compar ison  f i ^ i r e  111-25 rep i-ecen ta  the  f u l l  c i r c l e  diagram o f
the  im a c in a iy  a r c  f u r n a c e  ( the  load curves o f  which were drawn ir. f i g u r e
111-21) baaed on th e  f o l l o w i n g  d a t a :  tnu irsformer  recondary  v o l t a g e  3$0V,
Blag r e s i s t i v i t y  5 ,4  ohm.cm, fu r n a c e  r e s i s t a n c e  7*05 mohra, maximum
e l e c t r o d f  c u r r e n t  a t  550V * ^ 5 ,5  LA, f u r n a c e  r e a c t a n c e  1 moiim. With th o s e
o h a r a c t u r i e t i c  v a lu e u  o f  and the  a r c  fu rn ac e  i 8 im ag inary  i n  c o n t r a c t
to  the  t r u e  a r c  f u r n a c e  f o r  which R„ and X in  ba lanced  and e f f i c i e n t• c
o p e r a t i o n  a re  e q u a l  o r  by and l a r g e  o f  the  name magnitude .  The g r a v i t y  o f  
t h i s  aoframed c o n d i t i o n ,  by which the  o p e r a t i o n  o f  the  a r c  f u r n a c e  would be 
thrown i n t o  a g r e a t  deg ree  o f  in n a l a n c e  in  f u l l y  a p p r e c i a t e d  even i r i t  i s  
a c t  f o r  con.pari non purposes  o n ly .
The v a r iou r .  p a ram ete r s  i n d i c a t e d  by the  a rrows  in  f i g u r e  111-23 a r e  
expreBiied as  ( 19 ) y2
P (max) ■ — -  4 8 . /
w V2 X c
v
I  (max) -  - p r  — 4 9 * /
V2 c
1P (max) « % ----- -- - r : r. ------------  5 0 » /s '  ' ?
h c
Thie c u r r e n t  ured  a t  the  maximum ntne] t i n g  power
V.
I ( a t  T (max)) 5 1 . /
The t a n g e n t  pa ra ]  l e i  to  the  o h o r t  c i r c u i t  c u r r e n t  ( l ^ ^ )  v e c t o r  con tac ts  
the  h a l f  c i r c l e  a t  p o i n t  A by which the  a p p a r e n t  c u r r e n t  1^ a t  P ^ m a x )  i s  
d e f i n e d ,  t li . it  i s  the c u r r e n t  coupled  w i th  the  maximum nmol t i n g  power.
The n h o r t  c i r c u i t  c u r r e n t  in  exprenned  w i th  the  c i r c u i t  v o l t a g e  U and
r e a c t a n c e  a u / . , .
Flguro 11 1-2 4 .  ffFt AT lOMrjH|t» ii[;rv. i.N C'!f,’7l-I,'T AND tW FD  IN A SLAG Rt'MSTANDE-HEATCD
rm riA cr  a t  rm w i D irr i . i i rf j r  voltaufd o r  hie trandi'u 'meu d c u )adary.
Doited I i i.if. r e f e r  to  V • iO ?  V end tho p ro jec tions  on the c u rren t  end 
po*jr  ax;;i tljnoto rv;.|> -?lv>?ly m i * i » j*i current a n d  power oLtni nebl# i t  thi e 
p a r t i c u l a r  vol tetio a t  1,0, 1 , r> <ind 2 ,0  ml I 11 ohm reactance values,
Sa j II d o l l e d  sq u a re  rap  'v a m t  s th e  a c t u a l  o p e r a t in g  range  o f  t h e  r e f e r e n c e  
f u r n a c e s  undo'1 s t u d y .
1,0 eohm
1 , 5  *oh«
2 , 0  eohn
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Pewor | nput Wh
r e a c t a n c e  a s  I  . . ■ ——-  • /s h . c . i  X
c
a n d  t h e  e l e c t r o d e  c u r r e n t  us b e fo re
V
“ y / ,  X7 '
» c  C
A c t u a l l y  by e q u «  111-5? t h e  " i d e a l "  s h o r t  c i r c u i t  c u r r e n t  i s  " iv e n  w h i c h  i s  
e q u a l  t o  t h e  d i a m e t e r  o f  t h e  c u r r e n t  h a l f  c i r c l e .  The  a c t u a l  s h o r t  c i r c u i t
c u r r e n t  I , i n  s m a l l e r  than  1 . , s i n c e  t h e  fu rn ace  canno t  be i d e a l l ys h . c ,  s h . c . i ,
s h o r t - c i r c u i t e d  due to  the  c i r c u i t  r e s i s t a n c e  H , i . e .  th e  r e s i s t a n c e  o f  l e a d s  
which i n  a lways p r e c e n t  i n  t h e  s y n t e n .
Figrure 111-24 shows the c u r r n n t - v o l t a g o - p o v o r  r e l a t i o n s h i p  
c a l c u l a t e d  w i t h  the  air: o f  e q u a t i o n s  37 and 37a f o r  fu r n a c e  r e s i s t a n c e s  
v a r y i n g  from 10 to  1 mohir.. The operating range  o f  the  r e f e r e n c e  f u m a r e e  i s  
i n d i c a t e d  by t h e  d o t t e d  squa re  c o r r e s p o n d i n g  to  a  raaximur 6 ,5  MW power p e r  
phase  and an optimum o p e r a t i n g  c u r r e n t  o f  1 8  t o  18 ,5  kA a t  a  f u r n a c e  r e s  -  
i s t a n c e  o f  a b o u t  9»6 to  10 ,3  ntohm. A p p a re n t ly  t h e r e  in  no cu rv in g -d o v n  o f  
the  p l o t  which c o n t in u e s  a s  a  s t r a i g h t  l i n e  f a r  beyond the  boundary  o f  t h e  
o p e r a t i n g  r a n g e .  The phase  a n g le  i s  in  th e  range  o f  1 0  t o  25 d e g re e s  g i v i n g  
oosqp v a lu ec  i n  excess  o f  0 , 9 .  C o nsequen t ly ,  tho  c o n d i t i o n s  c h a r a c t e r i s t i c  
to  a r c  f u m a c e r  by which the  maximum power i n p u t  o ccu r s  when X -  Rf  + R^, 
l e a d i n g  to  maximum o p e r a t i n g  c u r r e n t  a t
1 Vo
"*max "  V? Xc
w i th  equ .39  becoming c o s ^  -  -yy-  -  0 ,707
w i l l  a l s o  a l t e r  in  case  o f  s l a g  r e s i s t a n c e  f u r n a c e s  due t c  t h e  m ent ioned  
g r e a t  d i f f e r e n c e  in  th e  a c t i v e  and i n d u c t i v e  r e s i s t a n c e s .  The h ig h  ohmic 
r e s i s t a n c e  coup led  w i th  the  low r e a c t a n c e s  p e rm i t  th e  u n i t e  to  be  run  w i th  
phase  ang le  v a l u e s  c o n s i d e r a b l y  below th o s e  termed as optimum f o r  a r c  f u r n a c e s . 
In  t h i n  i n s t a n c e  i t  i s  d e s i r a b l e  to  o p e r a t e  a t  the  p o s s i b l e  h i g h e s t  v o l t a g e  
the  t r a n s f o r m e r  secondary  can y i e l d .  This  i s  s o l f - e x p l a i n  "ory from f i g u r e  
111-24  showing p o w e r -c u r r e n t  p l o t s  o f  the  r e f e r e n c e  f u r n a c e s  f o r  t a p  numbers 
1,  9 ,  and 17 c o r r e s p o n d i n g  r e s p e c t i v e l y  to  170, 260 find 350 v o l t s ,
Ac f o r  a p r a c t i c a l  example to t h ‘>so p o i n t s  f i g u r e  IT I -2 5  based or: 
a c t u a l  p l a n t  o p e r a t i n g  d a t a  i n d i c a t e s  the  r e a c t i v e  power (MVAr), o p e r a t i n g  
c u r r e n t ,  v o l t a g e  and power i n p u t  r e l a t i o n s .  The f i g u r e  i s  based on d a t a  
l o g g in g s  c a r r i e d  ou t  d u r i n g  " r u n n in g - i n "  a  newly b u i l t  f u r n a c e  c l o s e  to  th e  
end o f  the  s t a r t - u p  p e r i o d .  As w i l l  be obv ious  from the  g r a p h , t h e  r e a c t i v e
power i n c r e a s e d  b y / , , .
“ 62  —
power in c reaso i l  Uy aome f a c t o r i a l  ex p rco e io n  upon tho i n c r e a s e  o f  t h e  load  
up to  a b o u t  1 )  M'.v, From th ru  on the  i m u v a n o  o f  tin: MVAr became i n s i g n i f i c a n t .  
At low er  power i n p u t  (6 to  9 MW) hig l ie r  v o l t a g e s  and lower c u r r e n t s  were 
u s e d ,  t h e n  between 9 and 14 MW the  c u r r e n t  wan c o n s i d e r a b l y  r a i s e d .  F i n a l l y  
above 14 MW power the  c u r r e n t  d e c r e a s e d  w h i le  the  v o l ta g e  i n c r e a s e d  f u r t h e r ,
A c h a r a c t e r i s t i c  f e a t u r e  o f  the  o p e r a t i o n  o f  t h i s  pe r iod  was a r e l a t i v e l y  
c o n s t a n t  r e l a t i o n s h i p  between the  t o t a l  a p p l i e d  power and the  u s e f u l  s m e l t i n g  
power,  r e s t r i c t e d  to  a band i n d i c a t e d  in  f i g u r e  I 11- 25B. The e f f i c i e n c y  h e re  
i s  e x p r e s s e d  as
X  -  » • /
b » /  Com pa r  i  s 0 n between submerged a r c  a nd s l a g - r o s i s t a n c e  hea ted  f u r n a c e s .
F i n a l l y ,  i n  ro u n d in g  up t h i s  s e c t i o n , in  c o n n ec t io n  w i t h  the  above con­
s i d e r a t i o n s  i t  may be o f  i n t e r e s t  to  a t t e m p t  a  b r i e f , g e n e r a l  comparison 
be tween submerged a rc  and s l a g  r e s i s t a n c e  h e a te d  f u r n a c e s ; i n  American 
te rm in o lo g y  o f t e n  c a l l e d  " s p e c i a l  a r c "  and "cha rge  r e s i s t a n c e "  u n i t s .  In a 
b road  o u t l i n e  they  a r e  s i m i l a r  i n  t h a t  a . /  the  p ro cess  v o l t a g e s  a r e  low, i n  
t h e  o r d e r  o f  few hundred v o l t s  o n l y ,  b . /  c u i r e n t  i s  h igh ,  t e n s  o f  thousands  
o f  am peres ,  c . /  v o l t a g e  has  to  be a d j u s t e d  w i th  the  v a r i a t i o n  o f  p r o c e s s  
c o n d i t i o n s .
The e l e c t r i c a l  r e s i s t a n c e  o f  most charge  m a t e r i a l s  i s  r e l a t i v e l y  
c o n s t a n t ,  t h a t  i s  i t  does n o t  change r a p i d l y  w i th  t im e. The b a s i c  d i f f e r e n c e  
i s  caused  by th e  f a c t  t h a t  the  e l e c t r i c a l  r e s i s t a n c e  o f  an a r c  can be termed 
a s  u n s t a b l e ,  i t s  v a lu e  f l u c t u a t e s  r a p i d l y  d u r i n g  much o f  the  p r o c e s s  c y c le  
c a u s i n g  t h e r e b y  f l u c t u a t i o n s  in  bo th  MW and MVA. These f l u c t u a t i o n s ,  e s p e c i a l l y  
t h a t  o f  MVA, can have an a d v e r se  e f f e c t  on the  power system and may r e q u i r e  
e x p en s iv e  c o r r e c t i v e  m easu res .  The a r c  c h a r a c t e r i s t i c s  may i n t r o d u c e  harmonic 
v o l t a g e s  o r  c u r r e n t s ,  sometimes b o th ,  i n t o  the  power supply  sys tem .  (20)«
Owing to  the  r a p i d  v a r i a t i o n s  In  r e s i s t i v i t y ,  f a s t e r  r e sp o n se  from the  
e l e c t r o d e  p o s i t i o n i n g  system in d e s i r a b l e .  A lso ,  a r c  f u r n a c e  p r o c e s s e s  t end  
to  be b a t c h  typo r a t h e r  than  c o n t in u o u s .
The r o l e  o f  r e a c t a n c e  in  the  two c a s e s  in  p a r t i c u l a r l y  i n t e r e s t i n g .  
Charge r e s i s t a n c e ,  as  mentioned a l r e a d y ,  t ends  to  be r e l a t i v e l y  s t a b l e  v a r y i n g  
o n ly  s lo w ly  w i th  time a s  the  t e m p e ra tu re ,  o r  e v e n t u a l l y  the  c o m p o s i t io n  o f  
th e  charge  m a te r ia l ,  v a r i e s .  Are r e s i s t a n c e ,  on the  o t h e r  h a n d , can undergo 
s u b s t a n t i a l  changes  in  a f r a c t i o n  o f  a s econd .  I ' e r t a i n i n g  to  s t a b l e  and 
u n s t a b l e  r e s i s t a n c e s ,  f i g u r e  111-26  may s e r v e  a s  an i l l u s t r a t i o n  b ased  on
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FIgure | | | -% l’LT#/l I'N CIRCUIT ltf:ACTANCE, POWER, CURKENT 
' V.”,  fAGF IN AN ARC FURNACE.
E le c t r o d e  c u r r e n t
-  6 )  _
t h e  va r io u s .?  t o p i c s  d i s c u s s e d  p r e v i o u s l y  i n  t h i s  s e c t i o n ,  s h o w i n g  t h e
c h a r a c t e r  o f  r e s i s t a n c e  or: i m p e d a n c e  i n  v o l t a g u - c u r r e n t  r e l a t i o n s h i p  a s
r e g a i d o  a r c  l u r n a c e  a n d  s l a g  r e s i s t a n c e  ( o r  c h a r g e  r e s i s t a n c e  f u r n a c e s . 
t h e  c o m b i n e d  i  r ipe  d a n c e  s h o w n  i n  t h e  g r a p h  i s  made up a s  a r c  i m p e d a n c e  
( r e s i s t a n c e )  i c i r c u i t  i m p e d a n c e  ( r e a c t a n c e ) r e s p e c t i v e l y  f o r  t h e  t w o  t y p e s  
o f  f u r n a c e s .  I n  c a s e  o f  a r c  f u r n a c e s  t h e  a r c  r e s i s t a n c e  ( i m p e d a n c e )  i s  u n ­
s t a b l e  a n d ,  a s  a  r e s u l t ,  i t s  c o m b i n a t i o n  w i t h  t h e  c i r c u i t  i m p e d a n c e  w i l l  
a l s o  b e  u n s t a b l e  b e l o w  a  c e r t a i n  o p e r a t i n g  c u r r e n t  v a l u e .  A b o v e  t h i s  
c r i t i c a l  c u r r e n t  t h e  c i r c u i t  i m p e d a n c e  w i l l  e x e r t  a  s t a b i l i s i n g  e f f e c t  s o  
t h a t  t h e  c o m b i n e d  i m p e d a n c e  w i l l  •> lso  b e c o m e  s t a b l e .  I n  t h i s  way t h e  a r c  
f u r n a c e  c i r c u i t  r e a c t a n c e  c a n  b e  r e g a  d e d , w i t h i n  c e r t a i n  l i m i t s ,  a s  a  
u s e f u l  e l e c t r i c a l  p a r a m e t e r .
W i t h  s l a g  r e s i s t a n c e  h e a t e d  f u r n a c e s  t h e  c a s e  i s  d i f f e r e n t  i n  t h a t  
t h e  c h a r g e  o r  s l a g  i m p e d a n c e , r e p l a c i n g  t h e  a r c  i m p e d a n c e  i n  a  v i r t u a l l y  a r c -
f r e e  s y s t e m  i s  a l s o  s t a b l e  an d h e l p s  t o  f u l f i l l  t h e  g e n e r a l  r e q u i r e m e n t  f o r
a  c o n v e n i e n t  c u r r e n t  c o n t r o l  b y  w h i c h  t h e  v o l t - a m p e r  c h a r a c t e r i s t i c s  m u s t  
s l o p e  u p w a r d s  t o  t h e  r i g h t  i n  t h e  c h o s e n  c o o r d i n a t e  s y s t e m .  S i n c e  t h i s  
r e q u i r e m e n t  i s  " a  p r i o r i "  s a t i s f i e d ,  t h e  c i r c u i t  r e a c t a n c e  d o e s  n o t  s e r v e  
a n y  u s e f u l  p u r p o s e  a n d  t h e r e f o r e ,  w i l l  h a v e  t o  b e  m i n i m i s e d  f o r  e x a m p l e  b y  
t h e  m o s t  a p p r o p r i a t e  a r r a n g e m e n t  o f  c o n d u c t o r s  b e t w e e n  t h e  t r a n s f o r m e r  a n d  
t h e  e l e c t r o d e .
H o w e v e r ,  e v e n  w i t h  a r c  f u r n a c e s  when t h e  r e a c t a n c e  b e c o m e s  e x c e s s i v e ,  
i t  t e n d s  t o  a f f e c t  a d v e r s e l y  t h e  c o n t r o l  o f  c u r r e n t .  L e t  u s  t a k e  a g a i n  t h e  
e x a m p l e  g i v e n  i n  f i g u r e  I I I -21 s h o w i n g  l o a d  c u r v e s  t h a t  w o u l d  r e s u l t  i n  a n  
a r c  f u r n a c e  h a v i n g  s l a g s  o f  s i m i l a r  r e s i s t i v i t i e s  a s  t h o s e  p r o d u c e d  i n  t h e  
r e f e r e n c e  f u r n a c e s .  On d o u b l i n g  t h e  c i r c u i t  r e a c t a n c e ,  t h e  maximum p o s s i b l e  
p o w e r  f o r  t h e  c i r c u i t  w i l l  b e  h a l v e d ,  a s  s h o w n  i n  f i g u r e  111-27. O b v i o u s l y ,  
t h e  v o l t a g e  a p p l i e d  t o  t h e  c i r c u i t  c a n  b e  i n c r e a s e d  w h i c h  w i l l  r e s t o r e  t h e  
p o w e r  a t  t h e  p e a k  o f  t h e  p o w e r  c u r v e  t o  t h e  same v a l u e  a s  t h a t  o f  t h e  
o r i g i n a l  c u r v e ,  b u t  t h i n  w i l l  a l s o  i n c r e a s e  t h e  a r c  v o l t a g e  i n  s t r a i g h t  p r o ­
p o r t i o n  t c  t h e  r i s e  e f f e c t e d  t o  t h e  c i r c u i t  v o l t a g e  l e a d i n g  t o  c h a n g e s  i n  
a r c  c h a r a c t e r i s t i c s  t h e r e b y  a f f e c t i n g  s m e l t i n g  a n d ,  a l s o ,  g e n e r a l  h e a t  
d i s t r i b u t e  c o n d i t i o n s  w h i c h  may l e a d  t o  e x c e s s i v e  r e f r a c t o r y  w e a r .  -  The  
r e a c t a n c e  r e q u i r e m e n t  d e p e n d s  a l s o  on  t h e  s i z e  o f  t h e  f u r n a c e  a n d  w i t h  l a i g c r  
u n i t s  i t  may b e c o m e  e x c e s s i v e  an d w i l l  h a v e  t o  b e  r e d u c e d  a s  much a s  p o s s i b l e ,
K o r  a  g i v e n  r e a c t a n c e ,  r e f e r r e d  t o  t h e  s e c o n d a r y  r i d e  o f  t h e  t r a n s ­
f o r m e r ,  when k e e p i n g  a  p r e d e t e r m i n e d  a c t i v e  p o w e r  ( f j  a n d  a p p a r e n t  p o w e r



























































(Pa ) ,  the  s ec o n d a ry  c u r r e n t  and v o l t u ^ '  can be dr.finod by the- o q u a t io n a  (21)
J l v ,  . /vz
* s i n  ?cf V [:in Y" “ $: y  5 4 . /
/ ' u t a , ‘ 1 / ‘ a1-1' i f
1 -  - V t r ^  5 5 . /c c
Thereby any p o i n t  on the  p r e v i o u s l y  di Mcuaned graphs  i n  tonnn o f  U and I i s  
c h a r a c t e r i s e d  a s
u ,  i  -  f ( i ' w , x c , cf- ) .  f ( P a , Xc » c f  )  5 6 . /
By v i r t u e  o f  cqu ,  r)4 ( » t r a i ^ h t  r e l a t i o n s h i p  o f  U and ) maximum r e a c t a r c v  
i s  couplcd w i th  maximum seconda ry  v o l t a g e  and by equ. 55 the  s m a l l e s t  r e a c t a n c e  
d e t e r m i n e r  the  maximum secondary  c u r r e n t ,  *'rom e q u a t i o n s  54 and 55 a  change 
i n  t o  X^ a t  c o n s t a n t  a c t i v e  o r  a p p a r e n t  power and w i th  u n a l t e r e d  impedance 
angle i f  w i l l  brine ;  a b o u t  the  fo l l o w i n g  c o n d i t i o n s :
U 
U' „ —  - \ M  /y Xc and I V xc 5 7 . /
F u r t h e r  to  the  power,  v o l t a g e ,  r e a c t a n c e  and c u r r e n t  r e l a t i o n s h i p s  i n  a r c  
f u r n a c e s  the  r e a c t a n c e  from equ .  54 i s  o b ta in e d  as
Vy Bin 2 <?
Xc -  f p  58 i /
and from equ ,  55« X -  tan  5 9 • /
0 5 I
For an i l l u s t r a t i v e  example o f  a r c  fu rn ac e  o p e r a t i o n  l e t  the  c o n d i t i o n s  be
s im ila r  a g a in  to  thor.c o f  the  r e f e r e n c e  s l a g  r e s i s t a n c e  h e a te d  f u r n a c e s ,  i . e .  
maximum v o l t a g e  on the  t r a n s f o r m e r  secondary  V ■ 550, c u r r e n t  1 * 18 kA, 
then P -  U . l .  V 3  - (550xl8xl04 ) V I  - 10 ,9  MW. 3 ^  -  3 x (3 l 24xlO0) - 
-  9 , 7 2 x l 0 8 from which X -  1 1 ,?  mohm. Now u s i n g  equ. 59 w i th  t a n  <f -  0 to  
45° th e  v a lu e  o f  X w i l l  be g iv e n .  With t r a n s f o r m e r  t a p s  o f  3, 9 ,  and 17,
Vo w i l l  be r e s p e c t i v e l y  ?02 V, 163 V and 90 V, and from the  power
can be c a l c u l a t e d ,  F igu re  1 I I - P 0  shows the  r e l a t i o n s h i p  between th e  v a r i o u s  
e l e c t r i c a l  parameter. ' ! f o r  t h r e e  d i f f e r e n t  v o l t a g e s ,  Ihe graph c l e a r l y  
indica te .- ,  the  t r e n d s  r e p r e s e n t e d  by equ. 5 1, t h a t  in  maximum r e a c t a n c e  i s  
a s s o c i a t e d  w i th  maximum secondary  v o l t a g e  and w i th  the  d e c r e a se  ol the 
r e a c t a n c e  the  sec o n d a ry  c u r r e n t  i n c r e a s e s  c o n s i d e r a b l y .
More d e t a i l e d  d i s c u s s i o n  on the  r e a c t a n c e  problem c o n ce rn in g  a r c  
f u r n a c e s  l i k e  the  mode and the  e x t e n t  o f  c o r r e c t i v e  meaoures  n e c e s s a r y  to  
red u ce  the r e a c t a n c e  e . g .  w i th  the  a p p l i c a t i o n  o f  r e a c t o r s  would be o u t  o f
the  scope  o f  t h i s  s t u d y .
- 65 -
Itorcrericc'i.
I , /  Androao . V. :
2 » /  E Echwarz von
) . /  KjplHOth 0 . !  
4 . /  N i l s e n  I’.H. s
5 # /  Downing J .11.- 
6 . /  Pe rsaon  J . A . :  
7 # /  M o s te r t  J . C .
8 . /  B a r th  0 .  *
9 * /  U rquhar t  H.C. 
1 0 . /  Persaon J . A . -
I I . /  S ib a k in  Ya.K. 
12,/ "
15 s /  Morkmmcr M »
Df.-sign and c o n t r o l  o f  f e r r o a l l o y  f u r n a c e s . Trans  A:EE, 
v o l .  59,  1950, 557-562
l:. i-gkairij'f j E o d o l lb e t i  ael i tung den L ich tb o g en o fen s .
in  " M e t a l l u r g i e  dor E e r r o l o g i o r a n g o n " . Ed; V o l k e r t  G -  
Frank J). I I  A u f l . S p r i n g e r , B e r l i n , 1972
E l e c t r o c h e m ic a l  con d i t io n : :  o f  the  Thysland-Hole  f u r n a c e . 
Kjenii Bergv. E e t a l l u r g i  , 21,  No-2, 19^1, 27 -  33»
D e te rm in a t io n  o f  the  e l e c t r i c a l  r e s i s t a n c e  i n  i d e a l i s e d  
r e s i s t a n c e  fu r n a c e s  from model e x p e r im en t s .
I b i d .  24,  11,  1964, 205-208.
Urban L . :  E l e c t r i c a l  c o n d i t i o n s  in  submerged a r c  f u r n a c e s .
J ,  M e ta l s ,  1 9 6 6 , 537-344.
The s i g n i f i c a n c e  o f  e l e c t r o d e - t o - h e a r t b  v o l t a g e  i n  e l e c t r i c  
s m e l t i n g  f u r n a c e s .  E l e c t r i c  Furnace P r o c , 28,  1970, 168-9 .
. Rober ta  P.N : E l e c t r i c  s m e l t i n g  a t  Rustenburg  P la t in u m
Mines L td .  o f  n i c k e l - c o p p e r  c o n c e n t r a t e s  c o n t a i n i n g  
p la t in u m  group  m e t a l s . J .  South  A fr .  I n s t .  Min. Met.
Apr,  1973, 290 -  299
E l e c t r i c  s m e l t i n g  o f  copper  o r e s ,  i n  " E x t r a c t i v e  
M e ta l lu r g y  o f  Copper and N i c k e l " .  Eds Queneau P. I n t e r -  
s c i e n c e ,  New York, 1 9 6 1 . p 241 f f .
-  Rennie M.S.:  The s m e l t i n g  o f  c o p p e r - n i c k e l  c o n c e n t r a t e s
in  an e l e c t r i c  f u r n a c e .  NIM Techn ica l  Memorandum, Aug. 
1973, Johannesburg ,
T re 11 hard  B.C.,: E l e c t r o  thermic  s m e l t i n g  o f  c o p p e r  and
n i c k e l  s u l p h i d e s  and o t h e r  m e t a l - b e a r i n g  c o n s t i t u e n t s ,
J .  M e ta l s ,  J a n .  1973, 34 -  39.
R asp re d e len iy e  toka v o d n o fa z n i i  f e r r o s p l a v n i k h  p e t sh a k h .  
T e o r iy a  1 P r a k t i k a  M a t a l l u r g i i . , No-1, 1938, 39-51* USSR,
R a s p re d e le n iy e  tnka  v t r e k h f a z n ik h  f e r r o s p l a v n i k h  
p e t sh a k h .  I b i d .  No-7,  1939, 18-24.
Dimen:: i o n i e ru n g rg r u n d l  a  gen von E l e k t r o r e d u k t i o n s o f e n .
4 - t h  I n t o r n a t ,  Congr.  on E l e c t r o h e a t ,  1959, 4 -811 .  
see  a l n o t  Fllektrowarmo* 1 9 , 19^1 > 110 •  116*
^ e f e r e n c e G  c o n L i n u c d ,
1 4 * /  ^ a b c y  C, ('» t Coii ijmtcriiUM! l i v a l u . i t j o n  o f  I 'Hrn acc  F i o l d o #  M . U c ,  T h e s i
UnivorDity  o f  ('.Npo Town, Hept.  1974*
1 ^ , /  Campbell J . : :  F lu id  flow and d r o p l e t  fo rm a t io n  in  f . - l e c t ro s la g  ro  -
m e l t i n g ,  (I'T.h) proce» i : . J .  M e t l a s ,  J u l y ,  1970* 25-55*
1 6 , /  Hawaon J .D .W .-  Dawson T.D.- Kirkhum V, 1 f>lag and meta l  f low in  e l e c t r o
e la / ;  remeltin<% M'JK r.ympoi'.ium 75* Tokyo, 1975* 55-&8«
1 7 * /  Latanh Yu,N.- Medov.ir B . I . :  Mlt’c t r o n l a ^  M o l t in g ,  I z -dvo  M e t a l l u r g i y a
Moscow, 1970.
1 8 . /  R, de Kock -  Forbes  A.W.i The s m e l t i n g  o f  c o p p e r - n i c k e l  c o n c e n t r a t e s
i n  an e l e c t r i c  f u r n a c e .  NIK T e ch n ica l  Memorandum, J a n .  
1 9 7 4 $ Johan?u.'dLurg.
1 9 * /  D r i l l e r  A . i  Die e l e k t r i s u h o  S e i t e  d o r  F e r r o l e g i e r u n g s o f e n .
i n  " M e t t a l u r g i e  d c r  F e r r o l e g i e r u n g e n "  Kd, V o lk e r t  G- 
Frank K.D, C hap te r  2.
2 0 . /  WcbB A .-  Kaufhold  W.- Ku l icke  H . : Ruckwirkungen von Drehst rom L i c h t -
bogenofen in  e l e k t r i n c h e n  V e rso rg u n g an e tz en , 
E l e k t r i z i t a t c w i r t s c h a f t ,  71,  1972, 222-228.
2 1 . /  Markworth E . t  Zur e l e k t r i s c h e n  Auslegung von L ich tbogenofen -A n lagen .
Elektrowarmc I n t e r n a t i o n a l ,  51 * 1975* B-5* 218-221.
Thermal c o n d i t i o n s  in  an e l e c t r i c  furnace- a r c  ex t rem e ly  complex so 
t h a t  a  q u a n t i t a t i v e  t r e a t m e n t  o f  the  sys tem i 3 n o t  p o s s i b l e  e x ce p t  w i th  a 
g r e a t  number o f  s i m p l i f y i n g  a s s u m p t io n s .  This  f a c t  a lo n e  might c o n s i d e r a b l y  
l i m i t  the  u s e f u l n e s s  o f  the  r e s u l t s .  The methods a p p l i e d  have to  be 
n e c e s s a r i l y  c o m p l ic a te d  b e c a m e  o f  the  need to  t r e a t  complex boundary  con­
d i t i o n s .  A f u r t h e r  d i f f i c u l t y  i s  encoun te red  in  the  p r o p e r  s e l e c t i o n  o f  
t h e s e  c o n d i t i o n s  in  a system which i s  never  i n  a t r u e  s t e a d y  s t a  ce. The 
changes  in v o lv e d  in  i t s  o p e r a t i o n  a r e  ve ry  s u b s t a n t i a l  and might come ab o u t  
w i t h i n  s h o r t  rime i n t e r v a l s .
In  a d d i t i o n ,  model t e s t s  a r e  a l s o  d i f f i c u l t  to  d e s ig n  so t h a t  th e y  
would y i e l d  m ean ing fu l  and r e p r e s e n t a t i v e  r e s u l t s  which could  be used  f o r  
s i m u l a t i o n  and s c a l e - u p  p u rp o s e s .
In  th e  f o l l o w i n g  su rvey  i t  w i l l  bo a t t e m p ted  to  i n v e s t i g a t e  c e r t a i n  
a s p e c t s  o f  the  flow o f  h e a t  t h a t  may p r e v a i l  i n  v a r i o u s  a r e a s  o f  the  m o l ten  
s l a g  bed in  r e c t a n g u l a r  submerged e l e c t r o d e  r e s i s t a n c e  h e a te d  f u r n a c e s  
ha v in g  6 e l e c t r o d e s - i n - l i n e  a r ra n g em en t ,  because  o f  th e  i n t e r m i t t e n t  
c h a r a c t e r  o f  the  m a t te  t a p p i n g  end,  as  a consequence ,  a  more un i fo rm  tem­
p e r a t u r e  d i s t r i b u t i o n  in  the  molten m a t te  the  i n v e s t i g a t i o n s  w i l l  be r e ­
s t r i c t e d  to  the  s l a g  bed o n ly  and c a r r i e d  o u t  w i th  the  main purpose  to  
f a c i l i t a t e  th e  s e l e c t i o n  o r  d e s ig n  o f  p rope r  fu r n a c e  geometry .  In  t h i s  
i n s t a n c e ,  f o r  example,  the  mode o f  h e a t  d i s t r i b u t i o n  a round the  e l e c t r o d e  
i n  v e r t i c a l  d i r e c t i o n  th rough  the  s l a g  l a y e r  d e te rm in e s  the  m e l t i n g  a r e a ,
i . e .  the  dep th  o f  the  molten  s l a g  bed while  the  h o r i z o n t a l  h e a t  d i s t r i b u t i o n  
d e f i n e s  the  working  a r e a ,  th e re b y  a l s o  the  s p a c i n g  o f  the  e l e c t r o d e  and the  
w id th  o f  the  f u r n a c e .
The two main s i m p l i f y i n g  assum pt ions  invo lv ed  i n  the  a n a l y s i s  a r e :  
a . /  s t e a d y  s t a t e  i n  which the  h e a t  in  t r a n s f e r r e d  p r i m a r i l y  by c o n d u c t io n  
in  a  r i g i d ,  r a t h e r  than a deformable  medium. The s e r i o u s  l i m i t a t i o n s  
Of t h i s  assum pt ion  a r c  f u l l y  a p p r e c i a t e d  s i n c e  o b v i o u s l y ,  the  d i f f u s i o n  o f  
h e a t  i n  a  r i g i d  medium d i f f e r s  from t h a t  in  a  de fo rm ab le  medium, a s  th e  l a t t e r  
i n c l u d e s  the  d i f f u s i o n  o f  momentum. Thus form the  v iew po in t  o f  s o l u t i o n ,  
t h e  te ch n iq u e  a p p l i c a b l e  to  a deformable  body shou ld  invo lve  n o n - l i n e a r  
e q u a t i o n s  which govern  the  d i f f u s i o n  o f  momentum a s  compared w i th  the  
a p p l i c a t i o n  o f  the  much s im p le r  l i n e a r  e q u a t i o n s  invo lv ed  in  a  r i g i d  medium 
on which the  p r e s e n t  a n a l y s i s  in  based .
b . /  Heat t r a n s f e r / . , .
6 8  -
b « /  Heat t r a n s f e r  o c c u r s  e q u a l l y  in  a l l  d i r n c t j o n e , x , y , and z i n  the  
system* (conp lo t / ;  i s o t r o p y ) .
Two main a rcao  in  th e  mol t e n  s l a p  w i l l  be i n v e s t i g a t e d :
1 . /  I n  v e r t i c a l  d i r e c t . i o n  between the  top  o f  the  molten  bed and t h e  l e v e l  
o f  the  e l e c t r o d e  t i p ,  then be tveen  the  l e v e l  o f  the  e l e c t r o d e  t i p  and 
t h e  s l a g - m a t t e  i n t e r f a c e ,
2 . /  I n  h o r i z o n t a l  d i r e c t i o n  from the e l e c t r o d e  to  the fu r n a c e  w a l l ,  
r e p r e s e n t i n g  the  a c t i v e , o r  work ing a r e a  o f  the  e l e c t r o d e  i n  t h i s  
d i r e c t i o n ,
! « /  Flow o f  h e a t  in  v e r t i c a l  d i r e c t i o n  in  the  m o l ten bed o f  s l a g .
Tempera ture  p r o f i l e  between a . /  the  to p  o f  the s l a g  bed and th e  l e v e l  
o f  the  e l e c t r o d e  t i p  and b . /  l e v e l  o f  e l e c t r o d e  t i p  and s l a g - m a t t e  
i n t e r f a c e  o b ta in e d  by a p p l y i n g  the  the rm al  c o n d u c t i v i t y  o f  tw o-phase  
m i x t u r e s .
P r a c t i c a l  t e m p e ra tu re  measurements  c a r r i e d  ou t  on the  s l a g  b a t h  ol  
a  w ork ing  u n i t  i n d i c a t e d  the  e x i s t e n c e  o f  an e x t e n s i v e  l a y e r  i n  v e r t i c a l  
d i r e c t i o n  in  which the  t e m p e ra tu re  v a r i a t i o n s  were r a t h e r  l i m i t e d  (1 ,2 . ) .
On a p p ro a c h in g  the  b o u n d a ry , i . e .  the  top  o f  the  m e l t  below the  s o l i d  c r u s t  
o f  b u r d e n , the  t e m p e ra t u re  then s t a r t s  d e c r e a s i n g  ve ry  r a p i d l y .
The t e m p e ra t u re  grndier* .  in  v e r t i c a l  d i r e c t i o n  i s  c h a r a c t e r i s e d  by 
the  combined h e a t  f l u x  o f  the  molten  s l a g  b a th  and the  m a t te  p r i l l s  d e sc e n d in g  
throui  v the  m edia .  The to p  o f  th e  m el t  i n  c l o s e  v i c i n i t y  to  the  s o l i d  c r u s t  
o f  bu rden  i s  a l r e a d y  in  the  molten s t a t e  though a s  an inhomogeneous m ix tu r e  
o f  h ig h  v i s c o s i t y .  By th e  h e a t  f low model a p p l i e d  to t h i s  problem th e  top  
o f  t h e  molten  s l a g  l a y e r  above the  s o l i d i f i e d  c r u s t  o f  s l a g  i s  i n s u l a t e d  by 
the  s o l i d  burden through which the  conduc t ion  o f  , ..-at i s  n o t  b e in g  c o n s id e r e d  
i n  t h i s  s tu d y .  Thun we have two f i x e d  boundary t e m p e r a t u r e s ,  v i z .  on the  to p  
o f  the  s l a g  j u s t  below th^ c r u s t  which,  from s im u la te d  l a b o r a t o r y  t e s t s  
c a r r i e d  o u t  it. c o n n e c t io  w i th  l i q u i d u s  t e m p e ra tu re  d e t e r m i n a t i o n s  i n  the  
p r e s e n t  work, wadmeanured a s  l ? 8 0 OCf and a t  the  l e v e l  o f  the  e l e c t r o d e  t i p
a p p ro x im a te ly  1 4 ^ - 1 4 ^
The mol ten  s l a g  l a y e r  w i th  the  s e t t l i n g  m at te  p a r t i c l e s  i n  i t  can 
be re g a rd e d  an a two-phare  m ix tu r e ,  the  thermal c o n d u c t i v i t y  o f  which i s  
g iv en  by the  Maxwell-Kucken e q u a t i o n .  LQt the  the rm a l  c o n d u c t i v i t i e s  be
denoted  a s  fo l lo w n :
k , » two-phase m ix turemix
k » condensed phase ( s l a g )
o
k^ = d i s p e r s e d  phase (m.i t te )
and = volume f r a c t i o n  o f  d i ' ,>.orsed phase
then  by t h e / . . ,
then  by the  ment ioned  ' q u a l i o n
mix
1 ' V r r - A 7 T r >r  (I 
c d
1 . /
On a p p l y i n g  the s p e c i a l  c o n d i t i o n s  o b t a i n i n g  in  the r e f e r e n c e  f u r n a c e s  w i th
r e g a r d  to  the  the rm a l  c o n d u c t i v i t i e s  and flow volumes o f  u l a g  and m a t te
r e s p e c t i v e l y :  ( s u b s c r i p t s  c » condensed p h a s e , d -  d i s p e r s e d ( m a t t e )  p h a s e ) .
■ ^ °Cm"’^  ( ) ) ;  an approx im ate  va lue  e x t r a p o l a t e d  f o r
the  p r e s e n t  q u in n a ry  system
i / x * 500 c a l / k g  a t  1100°C ( 4)1  each  f u r t h e r  20°C r i s e  in  t e m p e ra tu re
co r re sp o n d s  to  10 c a l , i n c r e a s e  1 then
^ k c a l / h r . m
a t  an average  s l a g  t e m p e ra tu re  o f  
1400°C Cp^g) -  4b0 c a l / k g
2 . - 1
f c -  2 ,77  g/cm5 a t  1400°C
k '  -  k y x ; , c  ,-v, -  4 ,9 /2 ,7 7 x 0 ,4 ! ; )  » 3,92 m/hr c v v c pv ^ ; pQ
k . -  4 9 ,0  k c a l / h r . m  C/m ; approx im ate  v a lu e  i n  which the  t e rm a l
d c o n d u c t i v i t y  o f  mat te  was r e g a rd e d  as
b e in g  very  s i m i l a r  to  t h a t  o f  the  meta l
(by ana logy  o f  e l e c t r i c a l  c o n d u c t i v i t y )
c , x -  217 c a l / k g  a t  1200°C ( 4)1  each f u r t h e r  20°C r i s e  in  t e m p e ra tu re
co r re sp o n d s  to  about  5 c a l  i n c r e a s e  
o f  th e  c p v a l u e ,
)r4 -  3 .8  e/om^ a t  1,00°C
* a  * V » ' d Cp ( d )  ’  ' 1 9 , 0 / ( 0 . ? 4 7 x 3 , 8 )  -  3 2  m h r -
T o t a l  w e igh t  o f  s l a g  produced 
4 c o n v e r t e r  r e t u r n  
Furnace  m a t t e  produced 
Volume o f  s l a g  25 /2 ,7 7  




4 ,5  
8 ,95  m
to n s /h i
3
1 ,195 m'
V . ** 1 ,1 8 5 / 0 ,9 5d
and
mix 4 ,9
1 f 0,1^ 2(i^4^yl  
1 -  0 , i 33( y - ^ ^ ( ^ '
( 4 ,9 /4 9 ) + 1





I « t  us  c o n s i d e r  now the  con d u c t io n  o f  h e a t  a s  b e in g  ana logous  to  t h a t  in  a  
s e m i - i n f i n i t e  s o l i d  w i th  i n i t i a l  t e m p e ra tu re  t Q and th e  s u r f a c e  k e p t  a t  a 
c o n s t a n t  c | ; t .  ( 5 ) .  I f  the  boundary a t  x -0  i s  kep t  a t  a  c o n s t a n t  t e m p e ra tu re
then i n  the  d i r e c t i o n  o f  t e m p e ra tu re  d e c r e a se
x - *
A t t  ( l  — e r f  ,------- — )
0 2Jk'  °
t e e r f  c
r*1 i v
2 ./






















f i  
8































F igu ro  I V -  2 ,  COMI'ARIU)N 01 MI AMIRLD AND CKI.DlCiHJ VFRTlCAL Ti Mf tKATURE GRADIENTS.
Lojcnd Crosse a s rno.ibiifnH yalunu
cirt:lor> t by therir.iI oond c t i v i t y  of two-ptiaee mixture* 
t r i a i r j l t  i : by thu f irs . t  order Ri t f  p ro f i le
Teepereture °C
1200 1300 1400 1 500




•  leg -ea t te  In te rface
1500140013001200 Tee pe nature
-  70
ai",d i n  t h e  d i r e c t i o n  o f  t e m p c r a t n r e  i n c r e a i u *
At -  t  (1 ♦ e r f — ■ .X-—
0 ?[>-• . 0 v mix
5-/
fh e re  W  » thermal d i f f n c i v i t v  o f  the m l x e : phase and ft- t im e ,  how to  
mix
c a l c u l a t e   ^ kmix
m^ x cniiixCp(niixj





t h e r e f o r e
[(45 , A : 7 x 7 ) ] / ) r 408 c a l / k g
U mix 4 .9  m hr
-1
) , 0 x 0 , 4 C 8
The l e v e l  o f  the  e l e c t r o d e  t i p  may b e  r e g a rd ed  a s  a p lane  o f  h e a t  s e p a r a t i o n  
i n  t h e  s l a g  b e d  between two tem pe ra tu re  r e g i o n s ,  the  u p p e r  one a s  d i s c u s s e d  
p r e v i o u s l y ,  e x t e n d i n g  upward to  the s o l i d  burden -  s l a g  i n t e r f a c e ,  w h i le  the  
low er  one r e a c h i n g  downwind to  the s l a g - m a t t e  i n t e r f a c e .  The c o n d i t i o n s  a r e
shown in  graph  1 . )  and may be ex p re ssed  as  fo l l o w s :
i n  r e g i o n  1.  (u ppe r  r e g io n )  0 <  x 1 <  L
in  r e g i o n  P.  ( low er  r e g i o n )  h > x? >  0
V h  > h
f u r t h e r m o r e , w i th  no rm a l ized  c o n d i t i o n s  
r e g i o n  1.  » t
r e g io n  2.
x -  0 ,
x -  0*5











t  *• t
Then the  v e r t i c a l  p r o f i l e  in  bo th  r e g io n s  between t e m p e ra tu re  f a c e s  t Q and t ^  
can be e s t i m a t e d ,  hay a t  ( 0 , x )  -  0 , 5  e q u a t i o n  f .  w i l l  y i e l d
A t
0 O'1280( 1-erf -  rr&zf
2 ^ ,  9x0,05
) 117°C
and t  < A t  o
1?80»117 1)97°C
Thf- val  /f'ii tJi:."itod in t h i s  way a r e  i n d i c a t e d  by c i r ^ l o s  in  graph  «-.) ,  w h i le
the  ex per nO-illy measured d a t a  ( 1 , 7 )  a r e  denoted  by c r o s s e s . a he r e  a p p e a r s
a  reason ')n  1' agr '-ement between the measured v a l u e » and those p r e d i c t e d  by the  
f o r e g o in g  nm:: Id, r a t i o n s  on h e a t  c o n d u c t io n .  This  i s  e s p e c i a l l y  no tew or thy  
in  the t r e n d  o f  the v e r t i c a l  tem pera tu re  g r a d i e n t  a c r o s s  the  s l a g  b a t h .  \  
c o m p a r a b l e  t e m p e r a t u r e  g r a d i e n t  was found by M i t c h e l l  and J o s h i  ( 6 )  from 
e x p e r i m e n t a l  t em p e ra tu re  measurement a c r o s s  the  s l a g  b a th  o f  the  1..>K ( h i e c t r o  
S lag  Kernel t i n g )  p r o c e s s .
1 . 1  /  j ' - n i  f t  c a n o n  o f / .
~ 70 ~
and i n  t h e  d i r e c t i o n  o f  to rapcra turn  i n c r e a s e
X )At -  t  (1 + e r f - --------- 5./
fh e re  K'  ™ the rm a l  d i f f u c i v i t y  o f  the  mixed phase and 0=- t i m e . No* to  
mix
c a l c u l a t e  X ^ ix
mix v . c
mix
6 mix p ( m i x )
^m ix  = [(0 , 95x?»B) 1( 1 , 04x 3 , 8 )] / ( 0 » 9 ^ « 1 , N )  -  3 ,0  e /cm3
and c p(mlx)  “ f ( 4 5 u x ^ ) ’ (267x7 ) ] / 3 ?  -  400 c a l / k g
I





4 ,9  m h r3 ,0x0 ,408
The l e v e l  o f  the  e l e c t r o d e  t i p  may be rega rded  ac a p lane  o f  h e a t  s e p a r a t i o n  
i n  th e  s l a g  bed between two tem pe ra tu re  r e g i o n s ,  the  upper  one a s  d i s c u s s e d  
p r e v i o u s l y ,  e x t e n d i n g  upward to  the  s o l i d  burden -  s l a g  i n t e r f a c e ,  w h i le  th e  
lower one r e a c h i n g  downward to  the  s l a g - m a t t e  i n t e r f a c e .  The c o n d i t i o n s  a r e  
shown i n  graph 1 . )  and may be e x p re s sed  a s  f o l ' o w s :
i n  r e g io n  1 .  (u p p e r  r e g io n )  
i n  r e g io n  2 .  ( lo w e r  r e g i o n )
0 <  <  L
V * *
L > x2 > 0
t o > t x > t l
f u r t h e r m o r e , w i th  n o rm a l ized  c o n d i t i o n s
region 1 . a t
01X w *» 0 , t X - t 0
X -  0 ,5 0 -  0 , 5 ‘ x * t B
region 2. X f  1  “  I- e II O m t 8
x -  0 © - 0 t X -  h
Then the  v e r t i c a l  p r o f i l e  i n  bo th  r e g io n s  between t e m p e ra tu re  f a c e s  t Q and t ^  
can be e s t i m a t e d .  Cay a t  ( 0 , x )  - 0 ,5  e q u a t i o n  2 .  w i l l  y i e l d
0 ^At 12Q0( 1-erf-
2 \ ^ 4 ,9 x 0 ,0 5
U7°C
and t  4 A t  -  1280 + 117 -  1397 C o
Thr v a l u e s  e s t i m a te d  in  th in  way a m  i n d i c a t e d  by c i r c l e s  i n  graph  2 . ) ,  w h i le  
the  e x p e r i m e n t a l l y  measured d a t a  ( 1 , 2 )  a r e  denoted  by c r o s s e s .  There  a p p e a r s
a  r e a s o n a b l e  agreement between the measured v a lu e s  and those  p r e d i c t e d  by the  
fo r e g o in g  c o n s i d e r a t i o n s  on h e a t  co n d u c t io n .  Th is  i s  e s p e c i a l l y  no tew o r th y  
in  th e  t r e n d  o f  the v e r t i c a l  t em pe ra tu re  g r a d i e n t  a c r o s s  the  s l a g  b a t h ,  A 
comparable  t em p e ra tu re  g r a d i e n t  was found by M i t c h e l l  and J o s h i  ((>) from 
e x p e r im e n ta l  tem p e ra tu re  measurement a c r o s s  the  s l a g  ba th  o f  the  lv»K ( h l e c t r o
S lag  Kernel t i n g )  p r o c e s s .
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1.1. Significance of tho vertical tnmpnrature profile»
'11 ic  v e r t i c a l  t e m p e r a l . u r c  p r o f i l e  r e f l e c t s  t h e  d e p t h  o f  t h e  m o l t e n  
s l a g  b a t h  a n d ,  a l s o , t h e  t a p p i n g  t e m p e r a t u r e  o f  t h e  m a t t e .  The  p r o f i l e  
s h o w n  i n  f i g u r e  2 . )  r e l a t e s  t o  a v e r a g e  o p e r a t i n g  c o n d i t i o n s  o f  t h e  r e f e r e n c e  
f u r n a c e s  h a v i n g  e l e c t r o d e s  o f  1 , 2^m d i a .  i m m e r s e d  a t  4 5  -  5 0  cm i n t o  t h e  
m e l t  a t  1 6 , 0  -  1 8 , 5  KW p o w e r  i n p u t .  O b v i o u s l y ,  t h e  d e p t h  o f  e l e c t r o d e  i m m e r s i o n , 
t h i s  b e i n g  a  f u n c t i o n  o f  s l a g  r e s i s t i v i t y  a n d  a l s o  o f  t h e  r a t e  o f  p o w e r  i n p u t ,
h a s  a  s t r o n g  i n f l u e n c e  o n  t h e  v e r t i c a l  t e m p e r a t u r e  g r a d i e n t .
W i t h  r e g a r d  t o  t h e  e f f e c t  o f  e l e c t r o d e  m o v e m e n t  l e t  u s  c o n s i d e r  t h e  
c a s e  w h e n ,  d u e  t o  a  s u d d e n  c h a n g e  i n  s l a g  r e s i s t i v i t y  i n  t h e  c l o s e  v i c i n i t y  
o f  t h e  e l e c t  r o d e ,  f o r  e x a m p l e  b y  c o l l a p s e  o f  c r u s t  i n  t h e  u p p e r  l a y e r  o r  i n ­
c r e a s e d  f e e d  r a t e  o f  b u r d e n ,  w i l l  make t h e  e l e c t r o d e  t o  o c c u p y  a  new p o s i t i o n .
I f  t h e  e f f e c t  i s  s u c h  t h a t  t h e  e l e c t r o d e  h a s  t o  move  u p w a r d , t h e n  t h e  k e e p i n g  
o f  t h e  f u r n a c e  l o a d  u n c h a n g e d  ( p o w e r  i n p u t  w i l l  r e e u 1 * i n  an  i n c r e a s e d  h e a t  
d i s s i p a t i o n  i n  t h e  u p p e r  r e g i o n  o f  t h e  m e l  b e c a u s e  o f  ti s u p w a r d  s h i f t  o f  
t h e  h y p o t h e t i c a l  p l a n e  o f  t e m p e r a t u r e  s e p a r a t i o n  a t  t h e  l e v e l  o f  t h e  e l e c t r o d e  
t i p .  On t h e  b a s i s  o f  t h e  m o d e l  o f  t h e  s h a p e  o f  c u r r e n t  f l o w  u n d e r  t h e
e l e c t r o d e s  t h i s  w o u l d  m e a n ,  a s  h a s  b e e n  d i s c u s s e d  e a r l i e r ,  a  d e c r e a s e  i n  h e a t
g e n e r a t i o n  p e r  u n i t  v o l u m e  o f  s l a g  i n  t h e  p a t h  o f  t h e  c u r r e n t .  T h o u g h  t h e  
h o t  s p o t  w i l l  now b o  c l o s e r  t o  t h e  t o p  o f  t h e  s l a g  b a t h ,  t h e  p o s i t i o n  o f  t h e
c o l d  f a c e  b o u n d a r y  w o u l d  r e m a i n  b y  an d l a r g e  t h e  s a m e .  I n  f a c t  t h e  r a t e  o f
u p w a r d  h e a t  d i s s i p a t i o n ,  a s  c a l c u l a t i o n s  i n d i c a t e d ,  may e v e n  d e c r e a s e  m a i n l y  
b e c a u s e  o f  t h e  c o o l i n g  down o f  t h e  s l a g  i n  t h e  r e g i o n  b e l o w  t h e  l e v e l  o f  t h e  
e l e c t r o d e  t i p .  F u r t h e r m o r e , t h e  t e m p e r a t u r e  o f  t h e  s l a g - m a t t e  i n t e r f a c e  
w o u l d  c o n s i d e r a b l y  r i e c i c a s e  e v e n  t o  t h e  e x t e n t  o f  s l a g  c r y s t a l l i s a t i o n  o n  
t h e  s u r f a c e  o f  t h e  m a t t e  l a y e r  a n d  w o u l d  r e s u l t  i n  a  c o l d  m a t t e  t a p .
N a t u r a l l y  t h e  o p p o s i t e  t r e n d  may s e t  i n  i f  t h e  d e p t h  o f  e l e c t r o d e  
p e n e t r a t i o n  i n c r e a s e d .  In  t h i s  c a s e  t h e  i n c r e a s e d  h e a t  g e n e r a t i o n  p e r  u n i t  
v o l u m e  o f  m e l t  i n  t h e  p a t h  o f  t h e  c u r r e n t  w i l l  i n c r e a s e  t h e  i n t e r f a c e  tern-  
peraturo a n d ,  i n  t h e  m e a n t i m e ,  a l t h o u g h  t h e  h i g h  t e m p e r a t u r e  zone o f  the 
e l e c t r o d e  t i p  moved now a w ay  f r o m  t h e  c o l d  f a c e ,  w i l l  f a c i l i t a t e  h e a t  
d i s s i p a t i o n  t o w a r d  t h e  u p p e r  r e g i o n  o f  t h e  s l a g  b a t h .  W i t h  d e c r e a s i n g  r a t e s  
o f  p o w e r  i n p u t  t h o s e  e f f e c t s  b e c o m e  more  n o t i c e a b l e .
Th e  c o n d i t i o n s  o b t a i n i n g  a t  t h r e e  d i f f e r e n t  d e p t h s  o f  e l e c t r o d e
p e n e t r a t i o n  a r e  s h o w n  i n  f i g u r e  ) •
2 . /  F l o w  o f  h o s t  i n  h o r i z o n t a l  d i r e c t i o n  i n  t h e  m o l t e n  be d o f  s l a g :
^ t I m a t i m w ^ u d T a l  h e a t  d i s t r i b u t i o n  a r o u n ^ ^ l e c t r o d e .
The  k n o w l e d g e  o f  t h e  e x t e n t  o f  t h i s  z o n e  i s  i m p o r t a n t  i n  t h a t  i t












































determines: the spacing of the  e lec tro d es  and thereby the general furnace 
geometry, -  In o rd er  to s im plify  th e  a n a ly s is ,  in  a s im ila r  way to  the 
fo rego ing , s teady s t a t e  conditions with a minimum of turbulence in  the s la g  
ba th  w i l l  be assumed.
In  a  working u n i t  the h o t te s t  spot in  the s la g  i s  loca ted  ju s t  
under the e le c tro u  t i p  confined to a r e l a t i v e ly  narrow lay e r .  Due to 
obvious d i f f i c u l t i e s  in  measuring techn iques , the exact temperature and 
the e x te n t  o f  th i s  la y e r  i s  not known. For the purpose of the present 
a n a ly s i s , as a conservative  estim ate  based on measurements c a r r ie d  out c lose  
to  the periphery  of the e lec tro de  t i p ,  a temperature of 1500°C w i l l  be 
assigned  to  th i s  s la g  lay e r  regarded here as a d isc  in  con tinuation  o r  
ex tension  to  the e le c t ro d e .
I t  has been d iscussed  previously  th a t  p ra c t ic a l  temperature 
measurements conducted on op era ting  furnaces ind ica ted  a region extending 
upwards from the le v e l  o f  the e lec trod e  t i p  in  the molten s la g ,  in  whicn 
th e tem perature g rad ien t  i s  r e l a t i v e ly  small (?5 -  40 C)• Based on t h i s  
f in d in g  the system can be v isu a l ise d  as the hea t being d is t r ib u te d  in  a 
th ic k  p la te  from a c y l in d r ic a l  heat source embedded in to  th i s  p la te .
Since we a re  in te r e s te d  here only in  the r a d ia l  flow of h ea t ,  the temperature 
drop along  the lower su rface  of the p la te  w i l l  be in v e s tig a te d .  Figures IV-4 
and IV-5 give a genera l o u t l in e  of the model. As w il l  be seen in  graph IV-5 
hea t i s  flowing out from the high temperature zone r a d ia l ly  with r  re  -  
p re sen t in g  the rad ius  o f the disc  and dr the increment d is tance  from the 
su rface  o f the hot a rea  expressed in  terms o f  rad ius o f a c i r c l e  concentric  
to  the d i s c .  The d i f f e r e n t i a l  heat balance on an anu la r  surface  element 
with the r a te  of hea t output q a t  rad iu s  r  i s  given by
q -  k<f  2rTTdr 5*/
a t  r  + d r the r a te  o f heat output i s
,  ^ ( - k J 2r n § ) d r  ,  h (T .T .)2 rn d r  6 . /
Our a n a ly s is  i "  r e s t r i c t e d  to close to  steady s ta te  in  which the 
accumulation i s  z e ro . Thus a t  constan t thermal conductiv ity , k t and s la g  
th ickness  o f r e l a t i v e ly  constan t tem perature, </, equation 6 transforms 
in to  the fo llow ing expression  (d e r iv a tio n  see in  Appendix l )  i
£  ♦ * g  - ““n * ’ • 0 w
Now, i f (T  -  Tft) -y and h /k J  -< r ,  equation 7» becomes
73  -
? d^y dy 2 ,
r  2 + r  d r  ” r  y ” 0 8 . /d r
which i s  a form o f the f a m i l i a r  m odif ied  Beoael fu n c tio n . The fu n c tio n  in  
the form
zw" + w* -  zw -  0 9» /
has the genera l so lu tio n  w « AT (x) +BK (x) 1 0 ,/o o
In a more g en era l form equ, 9 can he w ritte n  ar
zw" + w* -  m' zw rs 0 1 1 ,/
having the  g en era l so lu tio n  w -  Al^(mx) + BKo(mx) 1 2 , /
The s o lu tio n  o f  equ, 12 by standard  tex ts  (? ) i s  given as
y -  C1I £)(rV^) + C2Ko ( r { * )  13»/
I t  i s  p o ss ib le  to  e lim in a te  the f i r s t  term from equ, 13 s ince  i t  in c reases  
w ith p o s i t iv e  va lues o f r  ( th a t  i s  1 in creases w ith in c reas in g  v a r ia b le ) ,  
while the  tem perature should decrease assy m p to tica lly  with in c reas in g  
d is tan c e  from the hot zone. Thus the r e s u l t  w il l  be
T -  Ta -  C2Ko(r \ / f f )  U * /
Now in  the  exp ression  o f h/kef l e t
J  , th ick ness  of the s la g  la y e r  a t  r e l a t iv e ly  uniform^temperature - 0,4m
k i average thermal conductiv ity  o f  s la g  t 4 19 xcal/m h r ,  C, m 
h , su rface  c o e f f ic ie n t  o f  heat t r a n s fe r ,  in  th is  context an em pirica l 
cons tan t  the value of which may vary between 0 ,9  and 1 ,1 .
With these  d a ta  5  w il l  be c a lcu la te d
F  ‘ 7 % f a  ■ °>515
Bus 41am,t e r  o f the d io c - l ik e  ho t zone under the e lec tro de  can be regarded 
a ,  being  Id e n t ic a l  with th a t  o f  the e le c tro d e ,  then r  -  0,625 » , ( 0 , . 1,25m).
yo r  the porpoee o f  the preeent c a lc u la t io n ,  Cj in  equ. 14 w i l l  be 
defined by AT a oonetant temperature d if fe ren c e  between the two boundarj 
tem p era tu re , ,  v ie .  an aeeomed maximum under the e lec tro de  c lo .e  to ,  o r  a t^  
the periphery  o f  the e le c tro d e  t i p  T - , and the lower boundary about 25-50 C 
below the l lq u ld u ,  temperature o f  the e la g ,  *a , a t  which the average p lan t  
. l a g  e x h ib i t ,  a lready  a high v lec o e i ty  fo r  p ra c t ic a l  flow con eldera tione , 
beyond which, howev.r, i t  become, rap id ly  too v i.coue and no . l a g  flow would 
occu r. From la b o ra to ry  mo.cerement, c a r r ie d  ou t on p lan t . l a g .  t h l .  cond ition
appeared to  s e t  in  a t  an average temperature of 1500 C.
The ueo o f  two d i f f e r e n t  v a lu e , fo r  the boundary temperature o f  the
cold face  on top of the  molten . l a g ,  vim. 1200=0 fo r  the e .tlm a tlo n  o f the

















Table IV -  1. C alcu la tion  of ra d ia l  temperature d is t r ib u t io n  with
the o u tlin ed  h*?at flow model using the Be se l function  
method.
4 r  X  K0 (x) T K0 (x) T '+T,
r  ( T' °C) (Tx )°0
0,625 - 1,00 200 1500
1,0 0,72 0,64 128 1428
1.5 1,08 0,40 80 1)80
2,0 1,44 0,27 54 1554
2,5 1,80 0,16 55 1555
5,0 2,16 0,10 20 1520
5,5 2,52 0,06 6 1)06
accord w ith  the d i f f e r e n t  pui’poaos the c a lc u la tio n s  a re  envisaged to serve*
In  the form er case the po in t o f s la g  s o l id i f ic a t io n  was chosen fo r  physica l 
boundary c o n d itio n , whereas in  the l a t t e r  case the aim was to  s e t  the 
boundary accord ing  to  the re a c tio n  zone o f the e le c tro d e . This involves the 
v is c o s i ty  param eter th a t  i s  the flow o f slag* since the re a c tio n  zone w ill  
be d efined  as an a rea  o f a c tiv e  mixing surrounding an e le c tro d r . Thus the 
choice fo r  1300°C r e f l e c t s  the r e s u l ts  o f v is c o s ity  measurements supported 
by reasons mentioned above,
In  support o f the se le c tio n  o f these  tem perature l im its  one has 
to  r e c a l l  fu r th e r  the r e s u l ts  o f e le c t r i c a l  co n d u ctiv ity  measurements 
o b ta ined  w ith an average p la n t s la g  as shown in  graph 11-16 of Section  I I .
A sharp  r i s e  in  the r e s i s t i v i t y  can be no ticed  a t  1260°C in  the graph 
in d ic a tin g  the s t a r t  o f  complete s o l id i f i c a t io n .  Obviously, the h ea tin g  
a c tio n  o f  the e le c tro d e  extends beyond th is  l im i t ,  but the main concern o f 
these  in v e s tig a tio n s  i s  the d is t r ib u t io n  of h ea t in  the l iq u id  phase o f the 
system , i . e .  in  the molten s la g , th e re fo re  the conduction of h ea t in  the 
s o l id  phase was excluded from the study,
1500°c appears to  be the low est l im i t  fo r  any flow co n sid era tio n s  
w ith the  s la g s  produced in  the p lan t and fo r  p ra c t ic a l  purposes a tem perature 
probably about 10°C above th is  could be regarded as an accep tab le  va lu e .
On tak in g  1500°C fo r  T ',  the tem perature g rad ien t w ill  be given by
T -  Ta + AT Ko(rVeO 1 6 ./
th a t  i s  T -  T , * AT K0 (x) 1 7 . /
and T^ . T K0(x) 18./
T' g iv in g  the tem perature a t  a d istance  x from the su rface  of the e le c tro d e . 
Then w ith r  .0,625m, V ?- V O ^IS " 0 ,72 ; T -  1500-1)00 -  200°C and by tak in g  
v arious values (expressed in  m eters) along the d is tance between the e le c tro d e  
su rface  and the furnace w a ll, the expression  x -  r / 0,515 w ill be ob ta ined .
The corresponding values o f K ,(x) are  taken from ta b le s  fo r  m odified fieesel 
fu n c tio n s of zero o rd e r and zero kind (0) o r read from graph IV-6 drawn 
a f t e r  the values given in  reference  8 . ,  then the data  compiled in  Table IV-1
w ill  r e s u l t .
) . /  Visc o s ity  and e le c t r i c a l  conductiv ity  p ro f i le s  in  the s la g  la y e r  based 
on measured v is c o s i ty  and conductiv ity  d a ta  and estim ated  tem perature
p r o f i l e s .
With the estim ated  v e r t ic a l  and h o riz o n ta l tem perature p ro f i le s  and 
the measured values of e le c t r i c a l  c o n d u c tiv itie s  and v is c o s i t ie s  a t  va rious 
tem pera tu res, the co n d u c tiv ity  and v is c o s i ty  p ro f i le s  in  the s la g  bed can be
de term ined /, , ,
Figure IV -  7 .  VERTICAL GRADIENT OF VISCOSITY AND SPECIFIC RESISTIVITY IN TIC 
SLAG GED BETWEEN THE LEVEL OF THE ELECTRODE TIP AND THE MOLTEN 
SLAG LAYER.
1* Spec if ic  r e s i s t i v i t y  










0 ,3  0,4 0 ,5
Dletenoe f r e e  constant tempersture fece ,  e s t e r
0,2
F ig .  IV -  8 .  HORIZONTAL GRAD I t  NT OF VISCOSITY All) SPECIFIC RESISTIVITY IN THE SLAG BED 














1 . Specif ic  p e s l s t l v l t y
2 ,  V iscosity
- 1
Rsdlus o f






0,5 1,0 2,0 2,5 »*












F Ig u r e  I V - ,  g. HORIZONTAL PCSISTIVlTY CONTOURES AROIM) A PAIR OF ELECTRODES IN PHASE.
i V
\




















' 1 § S
1?
/ / /  z
/ .
i i
\  \ X v ';'
X \  \X.
X. U, ,»«N
o  e' . <N
X  \
\ * \  *
N 1 <N°a ”,
Tj -
d e t e r m i n e d , Af;ain, the  h a o ie  /ti;;<nmption i:i t h a t  the  h e a t  t r a n s f e r  from the  
e l e c t r o d e  occurn  i n  a  s t e a d y  s t a t e  and the flow o f  h e a t  i s  e f f e c t e d  p r i m a r i l y  
by c o n d u c t io n  th ro u g h  the  m e l t .
V e r t i c a l  v i s c o s i ty  and and c o n d u c t i v i t y  p r o f i l e s  in  the  s l a g  bath*
F ig u r e  IV-7 c o n s t r u c t e d  on I he b a s i s  o f  g raphs  1Tl-Q and iV-2 r e  -  
p r e s e n t s  the  v e r t i c a l  c o n d u c t i v i t y  and v i s c o s i t y  p r o f i l e s  o b t a i n i n g  wii i an 
a v e r ag e  s l a g  c o m p o s i t io n  in  the working  f u r n a c e .  As w i l l  be a p p a r e n t » the  
v a l u e s  o f  bo th  s l a g  p r o p e r t i e s  s t a r t  i n c r e a s i n g  r a p i d l y  as  a  d i s t a n c e  o f  
ab o u t  10 cm from tn e  s e r a i - f l u i d ,  v i s c o u s  boundary l a y e r  i s  r e a ch e d .  I f  th e  
t h i c k n e s s  o f  th e  burden  wore un iform above th e  molten s l a g  s e c u r i n g  th e r e b y  
a  u n i fo rm  h e a t  i n s u l a t i o n  to  the  b a t h ,  then by the  i n d i c a t i o n  o f  the  g raph  
in  a b o u t  7 to  10 p e r  c e n t  o f  the  t o t a l  bed volume th e  s e t t l i n g  o f  t Vie m a t t e  
would be v e r y  l i m i t e d .
A p r o b a b le  t e m p e r a t u r e  g r a d i e n t  between the  l e v e l  o f  th e  e l e c t r o d e  
t i p  and m a t t e  s u r f a c e  was g iv e n  in  graph IV-2 . U n f o r t u n a t e l y ,  the  e x a c t  
t e m p e r a t u r e  o f  th e  s l a g - m a t t e  i n t e r f a c e  i s  ha rd  to  e s t a b l i s h  b u t ,  a s  i t  was 
m ent ioned  b e f o r e , i t  c anno t  be much lower  than the average  l i q u i d u s .  Due to  
t h e  s u b s t a n t i a l  t c m p a r a t u r t  d i f f e r e n c e  between the  l e v e l  o f  th e  e l e c t r o d e  
t i p  and t h e  i n t e r f a c e  and ,  the  e n su in g  i n c r e a s e  in  s l a g  v i s c o s i t y ,  the  
s e t t l i n g  v e l o c i t y  o f  the  m a t t e  p a r t i c l e s  w i l l  c o n s id e r a b ly  d e c r e a s e .  The re ­
f o r e  t h e  app roach  o f  a s s i g n i n g  c o n s t a n t  s e t t l i n g  v e l o c i t i e s  t o , p a r t i c l e s  o f  
a  g iv e n  s i z e  a c r o s s  the  e n t i r e  dep th  o f  the  s l a g  bed w i l l  n o t  r e f l e c t  a c t u a l  
s e t t l i n g  c o n d i t i o n s .
3 , 2 . /  H o r i z o n t a l  condu c t i v i t y  and v i s c o s i t y  p r o f i l e s *
These  were e s t i m a t e d  w i th  the  a i d  o f  graph 111-8 and l a b l e  1V-1.
The r e s u l t s  a r e  p r e s e n t e d  in  f i g u r e  1V-8, which i n d i c a t e s  the  g r a d i e n t s  o f  
th e  two two s l a g  p r o p e r t i e s  between the  e l e c t r o d e  s u r f a c e  a; I the  f u r n a c e  
w a l l .  Along th e  e n t i r e  w id th  o f  the fu rn ac e  the v i s c o s i t y  ap p ea rs  to
f o l l o w  a  p a r a b o l i c  d i s t r i b u t i o n .
The d i s t r i b u t i o n  o f  c o n d u c t i v i t y  and v i s c o s i t y  c o n c e n t r i c  .o th e  
e l e c t r o d e  (based  a g a i n  on the  v a lu e s  o f  graph 111-0) l e  shown In  f i g u r e s  
1V-9 and 1V-10 assum ing  i d e a l i s e d  c o n d i t i o n s ,  I . e .  v e ry  l i m i t e d  s la g  
movement beyond t h e  l a m in a r  flow and i d e n t i c a l  p o s i t i o n  o f  the  e l e c t r o d e s ,  
t h a t  i s  d e p th  o f  immers ion i n t o  th e  molten s l a g .  O bv ious ly ,  d i s r u p t i v e  
e f f e c t s  c r e a t e d  by buoyancy f o r c e s  and a m p l i f i e d  f u r t h e r  by e l e c t r o m a g n e t i c  
a c tio n  m ight  modify  the  p  t e r n  o f  d i s t r i b u t i o n  o u t l i n e d  in  the  f i g u r e s ,
th e  e x t e n t  o f  t h e s e  f o r c e s  i s  go ing  t o  be i n v e s t i g a t e d  in  a subsequen t
p a r a g r a p h / , . ,
F ig u r e  IV -  11 ' CHANGE Of VOLUMETRIC ENERGY DENSITY IN THE SLAG OATH OF A FURNACE 
SMELTING 11TANI LM -HEARING ORES.
Depth of o leotrode pene tre tion  ae a parameter,
{ After DenUov and co-workerel













01 etanee from cen tre  I ,  meter
0,60,40,2
— 76 —
p a ra g ra p h  * N e v e r t h e l e s s  t ' .e  t endency  i s  t h a t  w i th  the  i n c r e a s e  o f  
t e m p e r a t u r e  th e  g r a d i e n t s  o f  bo th  v i s c o s i t y  and c o n d u c t i v i t y  w i l l  become
s t r o n g l y  d e c r e a s e d  s l a g  v i s c o s i t i e s  would promote s e t t l i n g  and would tend t o  
c r e a t e  p o c k e t s  f a v o u r a b le  f o r  the  s e t t l i n g  o f  p r i l l s  around the  s u r f a c e  o f  
th e  e l e c t r o d e s , On th e  o t h e r  hand the c o u n t e r a c t i n g  buoyancy f e r e o s  wil*  
t end  to  p r e v e n t  the  f o r m a t i o n  o f  such pocke ts  and d i s p e r s e  the  p a r t i c l e s  
i n t o  f a r t h e r  r e g i o n s  o f  the  s l a g  b a th  r e n d e r i n g  the reby  the  p a t t e r n  o f  
o f  s e t t l i n g  much l e s s ,  i f  a t  a l l ,  p r e d i c t a b l e .
5*3/  Keat f low and energy  d i s t r i b u t i o n .
I n  the  p re v io u s  s e c t i o n  the  energy  d i s t r i b u t i o n  ir< the  s l a g  ba th  a s  
a f u n c t i o n  o f  the  g eo m et r ic  shape  o f  c u r r e n t  f low and the  p o s i t i o n  (dep th  o f  
immers ion) o f  the  e l e c t r o d e  in  the  mel t  has  been i n v e s t i g a t e d .  E x tend ing  
t h i s  f u r t h e r  t o  th e  e f f e c t  o f  the  flow o f  n e a t ,  the  o u t l i n e d  mode o f  h e a t  
d i s t r i b u t i o n  would s u g g e s t  i n c r e a s i n g  power d e n s i t i e s  w i th  th e  d e c r e a s e  o f  
the  d i s t a n c e  from the  e l e c t r o d e  s u r f a c e .  To some degree  t h i s  has  been d e a l t  
w i th  i n  th e  mentioned t h e o r e t i c a l  c o n s i d e r a t i o n s  o f  S lb a k in  and K j / l s u t n  and 
conf i rm  by t h e  p r a c t i c a l  work o f  Habey. The f i n d i n g s  o f  Russ ian  r e s e a r c h e ,  
( 9 ,  1 0 ) ,  e s p e c i a l l y  th o s e  o f  Denisov e t  a l .  p e r t i n e n t  to  th e  v a r i a t i o n  o f  
c u r r e n t  d i s t r i b u t i o n  i n  working  u n i t s  teem tc  s u b s t a n t i a t e  f u r t h e r  the  
o u t l i n e d  t r e n d .  The energy  d i s t r i b u t i o n  (Py ) p e r  u n i t  volume o f  s l a g  was
e x p re s s e d  a s  AV t o , )
pv ■ &r r
where A 1= the  s p e c i f i c  c u r r e n t  dcnei ' .y  A/cm? , Py th e  v o l u m e t r i c  energy  
d e n s i t y  W / » 5 m e l t ,  AV the  the  p o t e n t i a l  d i f f e r e n c e  a t  a g iven  p o i n t  i n  t h e  
hath  and 1 the  d i s t a n c e  in  m e te r s  from the  l a t e r a l  s u r f a c e  o f  t h e  e l e c t r o d e .
s t e e p e r  a round  th e  e l e c t r o d e  and w i l l  g ive  r i s e  to  in c r e a s e d  buoyancy e f f e c t s  
Frcra th e  p o i n t  o f  view o f  the  s e t t l i n g o f  m a t te  p a r t i c l e s  t h i s  means t h a t  th e
the  t r e n d s  o f  the  
l a t t e r  i n d i c a t e s  
v o lu m e t r i c  energy d e n s i t y  v a r i e s  roughly  as  th-f square  o f  th e  c u r r e n t .
Thus in  the  s e n s e / , , .
OUT I. I N F  01 T HE  T W O - I U M i  N S I O N A I  111 A t  I LOW MOO F t  I N  THE C H O S S  S E C T I O N  O F  
T H E  M O L T E N  BCD O F  SI A G .
d i f fe re n t ia l
eyetew
T h u s  i n  t h e  s e n s j o  o f  e q u a t i o n s  1 6 ,  l y  a n d  1 0  wo v a n  w r i t e
" 'v ( a )  +
th a t  io  Pv -  I‘v (a) + Al'vKo (x)  2 l * /
and -  A % ( x )  2 2 . /
H e r e  &¥  s t a n d s  f o r  t h e  v o l u m e t r i c  nnr-r f? /  d i f f n r o n c e  b e t w e e n  t h e  e l e c t r o d e  
s u r f a c e  a n d  t h e  l o w e s t  e n e r g y  f a c e  a t  t h e  p e r i m e t e r  o f  t h e  a c t i v e  a r e a  ( o r  
r e a c t i o n  z o n e )  o f  t h e  e l e c t r o d e .
4 , /  ' f w o - d l m u n s i o n a l  h v a t  fo w  m o d e l .
T e m p e r a t u r e  d i s t r i b u t i o n  i n  t ’ c c r o s s  s e c t i o n  o f  t h e  r e c t a n g u l a r  
f u r n a c e : R i t z  a n d  K a n t o r o v i c h  p r o f i l e s .
As a  s u p p l e m e n t  t o  t h e  f o r e g o i n g  c o n s i d e r a t i o n s  p e r t i n e n t  t o  l i n e a r  
hea t f l o w  i n  o n e  d i r e c t i o n ,  e i t h e r  i n  t h e  x  o r  y  p i a n o  o f  t h e  c o o r d i n a t e  
system, t h e  p o s s i b i l i t y  o f  e x t e n d i n g  t h e  s i m p l e  o n e - d i m e n s i o n a l  h e a t  f i . o w  
concept i n t o  a t w o - d i m e n s i o n a l  m o d e l  w i l l  b e  d i s c u s s e d  i n  t h e  f o l l o w i n g .
I n  t h e  a n a l y s i s  t h e  e l e c t r i c  f u r n a c e  i n  r e g a r d e d  a s  a  r e c t a n g u l a r  d u c t  o ;  
u n i t  l e n g t h  w i t h  c o n s t a n t  e n e r g y  g e n e r a t i o n  i n  t h e  s l a g .  The  c r o s s  s e c t i o n a l  
a r e a  i s  i n  t h e  v e r t i c a l  p l a n e  c u t t i n g  t h r o u g h  t h e  c e n t r e  l i n e  o f  a n  e l e c t r o d e .  
F i g u r e  I V - 1 2 &  g i v e s  t h e  b a s i c  o u t l i n e  o f  t h e  t w o - d i m e n s i o n a l  h e a t  f l o w  m o d e l .  
T h i s  " l u m p ~ a  s y s t e m "  c a n  b e  r e g a r d e d  i n  t e r m s  o f  a d i f f e r e n t i a l  s y s t e m  a s  
s h o w n  i n  f i g u r e  I V - 1 2 b . ) .  On a p p l y i n g  t h e  f i r s t  l a w  o f  t h e r m o d y n a m i c s  t o  t h e
d i f f e r e n t i a l  s y s t e m
_ -  0 2 5 . /
e) X y
w h e r e  U s t a n d s  f o r  c o n s t a n t  e n e r g y  g e n e r a t i o n .  By F o u r i e r ' s  l a w  f o r  i s o -
t ro p ic  media , &T \ f J t l  24, /
qx e ' qy  " ~ d y
S u b o t i tu t i i 'g  these in to  equation 2$ and no ting  th a t  k la  a constan t we
A , . 0 .  y. .  o 25. /
Arpaol (11) i n t e g r a t e d  oqu. ?5 over the cross sec tion  of the re c ta n g u la r
d u c t  a s  If }  > 2  .
^ ^  ■« — —g + " )  d x  d y  -  0  26./
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T(x,y) -  T^, ^  [ l  -  ( x /L ) 2j |  1 -  (y /L )2
4U l 2/ k
2 7 . /
The f i r s t  o r d e r  po lj 'nom ia l K an to rov ich  pro T i le  f o r  th e  tem p e ra tu re  
d i s t r i b u t i o n  in  th e  eyr-tem under  in v fr . t i^ a t .^ o n  can be l ik e w is e  w r i t t e n  a s
T ( x ,y )  -  Too
U l 2/ k
-  ( f ) ‘
c o r h (V V l)>1  -------~ p — '—
cor.h (V 3/l)y
28.
Ji%nr\ assumed cm d e p th  o f  e l e c t r o d e  immersion ( *  D^/2,13) a p p ro x im a te ly  
e q u i v a l e n t  to  t n a t  in  th e  r e f e r e n c e  fu rn ac es  in  o p e r a t io n )  and a t o t a l  LJO 
cm d e p t  o f  s l a g  bed the  r e s u l t s  o f  c a l c u l a t i o n s  showing the  v e r t i c a l  th e rm a l  
p r o f i l e  based  on b o th  th e  K i tz  and K an to ro v ich  form ulae i s  d e p ic te d  i n  
f l j u r e  T V - l ) ,  The tw o -d im en s io n a l  te m p e ra tu re  d i s t r i b u t i o n  i n  th e  h a l f  -  
w id th  o f  th e  f u r n a c e , based  on the  f i r s t  o r d e r  H ita  p r o f i l e  e q u a t io n  
( e q u .  27) i s  i n d i c a t e d  in  f i g u r e  IV -1 4 .) .  For the  c a l c u l a t i o n  in  the  
d i r e c t i o n  o f  L ( h o r i z o n t a l  p r o f i l e  x) and 1 ( v e r t i c a l  p r o f i l e  y )  th e  con­
d i t i o n s  f o r  the  h a l l - w i d t h  o f  the  fu rn ac e  a r e  g iven  a s  (when L -  0 a t  th e  















0 ,4 5 x
- J U .
h e re  1 in  v e r t i c a l  d i r e c t i o n  r e p r e s e n t i n g  th e  d i s t a n c e  between the  to p  c o ld  
f a c e  o f  th e  s l a g  b a th  and th e  p lane  o f  tem p era tu re  s e p a r a t i o n  a t  th e  l e v e l  
o f  th e  e l e c t r o d e  t i p ,  when th e  dep th  o f  immersion i s  0 ,5  a .  Thus a c t u a l l y
1 « p by e a r l i e r  n o t a t i o n .
The s q u a re s  drawn w ith  . o l i d  l i n e s  in  g raph  IV-14 r e p r e s e n t  th e
b o u n d a r ie s  d e te rm in ed  w ith  the  a id  o f  e q u .27 from th e  L-x and 1 -y  r e  -  
l a t i o n s h l p s  w ith  x and y a s  chosen le n g th s  w i th in  the  h o r l a c n t a l  L and 
v e r t i c a l  1 d im en s io n s  o f  th e  f u r n a c e .  Dotted l i n e s  beyond th e  b o u n d a r ie s  
Of th e  s q u a r e s  i n d i c a t e  app rox im ate  te m p e ra tu re  b o u n d a r ie s  when th e  t r u e  
p a r a b o l i c  p r o f i l e s  become d i s t o r t e d  in  a  deform able  medium by the  movement 
o f  th e  s l a g  a s  a  r e s u l t  o f  buoyancy fo r c e s  and e le c t ro m a g n e t ic  e f f e c t s .
The p l o t s  a r e  based  on te m p e ra tu re  re a d in g s  o b ta in e d  in  o p e r a t in g  u n i t ,  
a t  a  g iv e n  d i s t a n c e  from th e  e l e c t r o d e  a t  v a r io u s  e l e v a t i o n s  i n  th e  s l a g
11,4 ^ ' ^ ' A p p a r c n t l y  t h e r e  i s  a  n o t i c e a b l e  d i f f e r e n c e  between th e  v e r t i c a l  
t e m p e r a t u r e  g r a d i e n t s  e s t im a te d  by th e  two methods and th o se  o b ta in e d  w ith
p r o f i l e  would be a b o u t  15°C below t h a t  found by the l i n e a r  h e a t  f..ov model.
Dam ** 1 ^ a a /
R e s u l t s  o f  p r a c t i c a l  te m p e ra tu re  mcu.mrcments would lend  su p p o r t  t o  th e  
l a t t e r  ones  in  r e l a t i o n  to  the  p a r t i c u l a r  problem i n v e s t i g a t e d .
5«/ The e x t e n t  and c h a r a c t e r  o f  d i s r u p t i n g  e f f e c t s  a c t i ng upon th e  
su g g e s te d  t om pcre tu r n p r o f i l e ,
B ecause i n  a  l a t e r  s e c t io n  o f  th i s  s tu d y  the  te m p e ra tu re  p r o f i l e s  
a r e  in te n d e d  to  be used  f o r  fu rn ac e  d im ens ion ing  and a l s o  a s  s c a le  -up  
f a c t o r s  i n  fu r n a c e  d e s i g n , i t  i s  im p o rtan t  to  know t i e  c h a r a c t e r  and e x t e n t  
ol e f f e c t s  which may be in s t r u m e n ta l  in  m o d ify ing  the  o u t l i n e d  p a t t e r n s  o f  
th e rm a l d i s t r i b u t i o n  in  th e  s l a g  l a y e r ,  The hydrodynamic motion o f  th e  
b a th  i s  in f l u e n c e d  by v a r io u s  f a c t o r s  from which the  two most im p o r ta n t  
o n es ,  v i z .  th e  buoyancy f o r c e s  caused  by te m p e ra tu re  and s p e c i f i c  g r a v i t y  
d i f f e r e n c e s  i n  v a r io u s  p a r t s  o f  the  b a th ,  and th e  e le c t ro m a g n e t ic  e f f e c t s  
w i l l  be d i s c u s s e d  in  t h i s  p a ra g rap h .
5 . 1 . /  E s t im a t io n  o f  n a t u r a l  conve c t i v e  c u r r e n t s  wi t h  th e  use  o f  
d lm e n s io n le s s  numbers.
The d i f f e r e n c e  in  tem p era tu re  between th e  top  and the  bottom  o f  
the  m o lte n  s l a g  l a y e r  a n d , a l s o ,  th e  h o r i z o n t a l  exid v e r t i c a l  te m p e ra tu re  
g r a d i e n t s  c r e a t e  buoyancy f o r c e s  l e a d in g  to  n a t u r a l  co n v ec t io n  c u r r e n t s  in  
th e  b a t h .  T h is  can be e x p re sse d  by the G rashof number ( N ^ )  which i s  th e  
d lm e n s io n le s s  e x p r e s s io n  o f  th e  buoyancy, i n e r t i a ,  and v is c o u s  fo rc e s?
t h e r e  th e  e u b s c r i p t e  d e n o te  c o n d i t io n s  a t  th e  c e n t r e  and a t  th e  w a l l s  o f  
the  f u r n a c e ,  a n d d  I s  th e  expansion  c o e f f i c i e n t ,  In  c ase  o f  l i q u i d s
e x p re s s e d  a s  A y/AT 50 . /
*  -
v g
;  d e n o t in g  a v e ra g e  s p e c i f i c  volume kg/m5 o r  & W ,  $ -  d e n s i t y ,  g/em  ,
L .  c h a r a c t e r i s t i c  l e n g t h ,  u s u a l l y  u n i t  l e n g th  In  m eter , g ,  -  B re v i ty  
due t o  a c c e l e r a t i o n  and e, -  v i s c o s i t y .  In  the  scope o f  a  more d e t a i l ,  
d i s c u s s io n  in  th e  n e x t  s e c t i o n  i t  w i l l  he shown t h a t  th e  v a lu e  o f «  f o ri*W
» 8 0  *
t | w « 1 5 p o i s e * \c  -= 2 ,4  P 1 c i:ni ( w)“ °»5 k c a l /k c ?  upHl( c f  ° » 4 k c a lAtf*
Then f o r  a  c h a r a c t e r i s t i c  l e n g th  o f  1 n 'o t e r  M(,r  i s  w r i t t e n  as
•=, •
N^r  -  6 1  ( l Q 2 p o i s e  -  I N m )
The o t h e r  im p o r ta n t  d im e n s ic n le s s  mynber c o r r e l a t i n g  v i s c o s i t y ,  s p e c i f i c  
g r a v i t y  and h e a t  t r a n s f e r  c o e f f i c i e n t  i s  th e  P ra n d t l  number
H .  t \ Cp m o le c u la r  d i f f n s i v l t y  o f  momentum )% ./
^  "  m o le c u la r  d i f f u s i v i t y  o f  h e a t
f o r  ,  c h a r a c t e r i s t i c  d i s t a n c e  o f  1 m eter and w ith  Cp e x p re ssed  a s  o a l A *
mole when th e  mole w e igh t o f  th e  average  p l a n t  s l a g  i s  c a l c u l a t e d  ae  57 ,}
and Cp ( w 0 o r  0 ,4  h . a l / k g ,  0 , }  k c a l / k g ,  then  in  th e  te m p e ra tu re
range  o f  1JC0 to  1500°C we w r i t e
[tVrfw'l - tnoCD(ci)]Mw r(i52 xO.})-(g,4^o.4 )lk 5 7 ,}
" ft  -  ke l  * 4 *9
Up, -  7.6X102
Jacob  (1 ? )  u s i n g  the  O reshof and P ra n d t l  numbers a s  v e l o c i t y  components o f  
n a t u r a l  c o n v e c t io n ,  d e f in e d  la m in a r  and tu r b u l e n t  flow re g io n s  as
la m in a r  SxlO5 < ><Gr. NP r 4  150x10’  
t u r b u l e n t  500x 10^ 4  ^Qr *^pr  ^  }xlO
m m  th e  d a t a  above " g r ^ P r  * 61 * (7 ,6x10  ) -  4,6x10
Thu. th e  e s t im a te d  v a lu e  o f  t h e  p roduct o f  the two c h a r a c t e r i s t i c  numbers
would i n d i c a t e  n a t u r a l  c o n v e c t io n  w ith  av g . la m in a r  flow c o n d i t io n s  w ith  
th e  ty p e  o f  s l a g  produced in  th e  e l e c t r i c  fu rn a c e s  in v e s t ig a t e d  and
J u s t  around  th e  s t a r t i n g  s t a g e  o f  tu r b u le n c e .
C ircu m stan ces  in  p r a c t i c e ,  however, nay d i f f e r  c o n s id e r a b ly  from 
th o s e  p r e d ic t e d  by d im o n s lo n le se  r e l a t i o n s h i p s .  Kor example when, due to  
d i s tu r b a n c e s  i n  fe e d in g  and s m e l t in g  r a t e s ,  th e  m olten  s l a g  s u r f a c e  in s  
o f  b e in g  co v ered  w ith  bu rden  became c l e a r l y  v i s i b l e ,  a  ^ e r  n o t  cea l e  
s l a g  movement could  be r e c o rd e d  in  the r e f e r e n c e  f u r n a c e s .  At th e  ma
-  01 -
t a p p in g  end the  mol ton  nln.g appeared  to move away r a d i a l l y  from the e l e c t r o d e  
s u r f a c e  and the v e l o c i t y  o f  t h i s  movement wan measured ao l rj  to  20 cm .sec  . 
W ith t h i s  m easured  v e l o c i t y  v a lu e  the i 'e c lo t  number (N,,^) can be d e te rm ined  
and th e re b y  the  r a t i o  between c o n v e c t i v e  and co n d u c tiv e  h o a t  t r r " f e r
o b ta in e d i  c  ,
m _ p ^ h e a t  t r a r .n f .  by cot v e c t i o r  J 2 # /
Pe ** k , ” h e a t  t r a n s f • by c o n d u c tio n81
U sing  a g a in  Jm f o r  th e  d i s t a n c e  between the h ig h  and low te m p e ra tu re  f a c e s  
and  e x p r e s s in g  i n  c a l / k g  molo, w i l l  b«. c a l c u l a t e d  as
H „ ( Q« 4 - 0 « ? ) » j x ? 17f xQ, .  h i  m i l9 4
Pe 4 ,9  4 ,9
The computed v a lu e  o f  Nj, would i n d i c a t e  t h a t  the amount o f  h e a t  t r a n s f e r r e d  
by c o n v e c t io n  i s  a p p ro x im a te ly  tw ice  o f  t h a t  mov'd by co n d u c t io n .  The r e s u l t  
i s  somewhat c o n f l i c t i n g  to  t h a t  o b ta in e d  w ith  th e  a p p l i c a t i o n  o f  th e  Grashoi
and P r a n d t l  num bers.
A p p a ren t ly  th e r e  i s  some u n c e r t a i n t y  inv o lv ed  in  th e  u se  o f  d i
o e n s io n l e s s  numbers w ith  th e  purpose  o f  c h a r a c t e r i s i n g  th e  c o n d i t io n s  o
s l a g  f le w  and too  g r e a t  e x a c tn e s s  could n o t  be exp ec ted  from the  r e s u l t s
O b ta in ed .  The u n c e r t a i n t y  i s  caused p r im a r i ly  by th e  v e ry  g r e a t  d i f f e r e n c e
i n  th e  v i s c o s i t i e s  o f  th e  flow media between the tem p era tu re  l i m i t s  o f
i n t e r e s t ,  t h a t  i s  by th e  i n h e r e n t  p h y s ic a l  c h a r a c t e r i s t i c s  o f  the  s l a g
sy s tem s ,
, 2 , /  Bath m ix ing  duo to  e le c t ro m a g n e t ic  fo rce g j
In  a  g r e a t l y  s i m p l i f i e d  a sse ssm en t o f  th e  complex n a tu re  o f  
e l e c t r o m a g n e t i c  f o r c e s  ir. h a th  m ix ing , the  relieving model su g g es ted  hy 
t i e ig c r  and r o i r i o r  (15) may be used  to  o b ta in  an ap p ro x im a tiv e  e s t im a te  
on th e  s t i r r i n g  a c t i o n  o f  the  e l e c t r o d e s .  For t h i s  purpose  l e t  us  imagine 
t h a t  a  f l a t  s t o o l  p l a t e  i s  i n s e r t e d  in to  th e  s l a g  between th e  e l e c t r o d e  and 
th e  m a tte  s u r f a c e ,  i . e .  u n d e ,  the  e l e c t r o d e  in  th e  p a th  o f  th e  c u r r e n t .  The 
f l u i d  n o t io n  e x e r t s  a d r a g  fo rc e  on bo th  s id e s  o f  the  p l a t e  o f  s t e e l  th e
m agnitude  o f  which i s  g iv e n  as g
p .  2 i ( l V ) ( h i \ l ) -  f l *Vi r (“7 V  " R e U i ) 5 53*^
K Li j
Here I.- c h a r a c t e r i s t i c  l e n g th  in  m otor, V th e  volume o f  flow  media i n ­
v o lv e d ,  t  i t s  d e n s i t y ,  Nf e ( B l )  Hoyholds n u r ' e r  o f  s l a g  f lo w , the v e lo o i  y
o" which u , in  e x p re s se d  as  7| 2
u e l  -  V “" < e U  M l /
f  i s  the  f r i c t i o n  f a c t o r  o r  d ra g  c o e f f i c i e n t




































j  ‘J0 1 0 B> u o j i o u j
w i th  A » c h a r a c t e r i s t i c  a re a s  A»i.V, and the c h a r a c t e r i s t i c  k i n e t i c  en erg y  
e x p re s s e d
°k ■ h 4 i  % . /
The f r i c t i o n  f a c t o r  in  la m in a r  flow in tern-;.' o f  the  Reynold a number, f o r  a 
f l a t  p la te  wan e x p re s s e d  'ey Vennar (14) an
f  .  1 (5L‘8 37 • /
The c o r r e s p o n d in g  r e l a t i o n s h i p  to iw ecn f r i c t i o n  f a c t o r  and i s  shown in  
g raph  1 7 - 1 5 . )  i n d i c a t i n g  th a t  the  lam inar re g io n  may ex tend  up to  a b o u t
V  ■ i 0 -
The v e l o c i t y  o f  s l a g  i s  c a l c u l a t e d  w ith  the  a id  o f  equ* 54 by 
t a k in g  v a r io u s  v a lu e s  f o r  the  flow system  in  the  v i c i n i t y  o f  th eKtf o
e l e c t r o  do and i n  the  p a th  o f  th e  c u r r e n t .  Let a te m p e ra tu re  o f  140C C be 
chosen  f o r  th e  i l l u s t r a t i o n  c f  tn e  mode o f  c a l c u l a t i o n .  10^ and the
c h a r a c t e r i s t i c  l e n g th  1 m e te r ,  then
U , -  x lC 5 -  1215 m .hr” 1 ■ 0 ,337  c ^ . s e c ” 1s i  Re 1x2 ,0
To c a l c u l a t e  now from e q u ,33 1 the  v a lu e  c f  th e  f r i c t i o n  f a c t o r  a t ^
N #10^ from f i g u r e  IV-15 i s  g iv e n  as f  ■ 0*44; i n  n o t in g  t h a t  V ■ 1m -  
Ron  * \
1 0 0 0  d m ' ( s i n c e  i s  g i v e n  i n  k g / d u " ) 2
Fk  -  n v r ( - ^ 4 (fll ) ) -  0 , 044x l x ( 1 . 105 )x2 ,8  ^ 5-  x ( 1 0 5 )‘
-  1 *85x 10® k g .rc .h r  ~ ■ 5 »0 ?xlC^ kg .m .sec
S in ce  1 HP -  75 m .k g ,s e c ” 1 mnorefor? -  6 7 »6 HP « 50,7  kW/m s u r f a c e . 
C a lc u la te d  v a lu e s  i n  th e  range o f  NRe -  5 x l0 £ and 5x 10  ^ a r e  com piled in
th e  t a b l e  bolow
N f  u b1 Fk HP kW
Re m .see  1 kg .rc .nec~1 p e r  m s l a g  s u r fa c e
p e r  e l e c t r o d e
A
5x10 0,008 0,lf-8  2,54x10,2 n n p  n . 1 f,A 2 . 5 4 x 1 0 ^  34 25 ,4
1 0 ^ 0 ,0 4 4  0 ,357  5 , 0 7 x l0 4 68 51
M ention was made e e r l t e r  o f  th e  movement o f  s l a g  obsoivod or. the  o u rfao e  o f  
th e  b a th  in  r a d i a l  d i . r c t l o n  from the e l e c t r o d e ,  th e  v e l o c i t y  o f  w hich wae 
m easured a s  0 ,1 5  to  0 ,*  m . n e c - f  From th e  d a ta  o f  th e  t a b l e  In  th e  range  o f  
Reynolds numbers c h a r a c t e r i s t i c  to  la m in a r  flow , th e  m echanical work o r  
e l e c t r i c a l  en e rg y  In v o lv e d  i „  th e  s l a g  movement I s  r a t h e r  s u b s t a n t i a l .  Under 
th e  c o n d i t io n s  o f  o p e r a t io n  o f  the  r e f e r e n c e  f a n ,a c e s  th e  em en d ed  e l . c t r  c a l  
energy  may v a ry  betw een 25 and 50 kW ^ r  m . l a g  e u r fa c e  p e r  e l e c t r o d e  and 
the  m ix in g  a c t i o n  a s s o c i a t e d  w i th  i t  i s  r a t h e r  more s i g n i f i c a n t  th a n  cou ld
be e x p e c t e d / . .»
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be a t t r i b u t e d  to  buoyancy fo rce r , .  I t  would th e r e f o r e  a p p ea r  t h a t  the  a c t i o n  
o f  th e  e l e c t r o d e s  m a n ife s te d  in  the  form o f  e le c t ro m a g n e t ic  f o r c e s  i s  one o f  
th e  main f a c t o r s  r e s p o n s i b l e  f o r  th e  m ixing o f  the  s l a g  b a th  and th e re b y  
a l s o  f o r  th e  m o d i f i c a t io n  o f  the  s te a d y  s t a t e  c o n d i t io n s  assumed f o r  the  
v a r io u s  h e a t  flow  m o d e ls .
5 , 5/  Main f a c t o r s  In  b a th  m ixing .
From a p r a c t i c a l  fu rn ac e  o p e r a t io n  p o in t  o f  view the  p a r t  p layed  by 
b o th  buoyancy and e le c t ro m a g n e t ic  f o r c e s  in  m odify ing  h e a t  and m a te r i a l  flow 
p a t t e r n s  a l th o u g h  s i g n i f i c a n t ,  i t  may s t i l l  be reg a rd ed  as c o m p ara t iv e ly  
m odera te  to  the  r o l e  o f  f u r t h e r  two f a c t o r s i  a . /  f l u c t u a t i o n s  in  th e  flow  
o f  fe ed  m a t e r i a l  added to  the  fu rn ace  and b , /  c o n v e r te r  r e t u r n  s l a g .  A 
sudden c o l l a p s e  o f  c r u s t  on top  o f  th e  m olten  s la g  b a th  c a u s in g  la r g e  
amounts o f  s o l i d s  to  pour i n t o  the m e l t ,  o r  sim ply an a b ru p t  in c r e a s e  in  
th e  a v a i l a b i l i t y  o f  feed  m a te r i a l  a f t e r  the  a c t i o n  o f  the  choke f e e d e r  -  
ty p e  c h a r g in g  system  o f  r e c t a n g u l a r  fu rn a c e s  a re  undo u b ted ly  the  most 
i n s t r u m e n t a l  in  a l t e r i n g  s l a g  r e s i s t i v i t i e s ,  e l e c t r o d e  p o s i t i o n s  and a l s o  
i n  c o n t r o l l i n g  h e a t  and m a te r i a l  f low  in  the  m olten s l a g  and m a t t e .
To t h i s  i n t e r m i t t e n t  o r  p e r io d ic  a c t i o n  comes the  e f f e c t  o f  con -  
v e r t e r  r e t u r n  s l a g  o f  s i m i l a r  i n t e r m i t t e n t  n a tu r e .  Large amounts o f  s l a g  
a r e  poured  i n to  th e  fu rn a c e  in  a  r e l a t i v e l y  s h o r t  time and th e  sudden change 
in  s l a g  volume w ith  the  im pact o f  th e  h igh  v e l o c i t y  j e t  o f  th e  r e t u r n  s l a g  
w i l l  a l s o  a l t e r ,  even i f  in  the  form c f  a b r i e f  s t e p  change, the  flow  
c h a r a c t e r i s t i c s  o f  the  s l a g  and m atte  and w i l l  c e r t a i n l y  cause  p e r io d ic  
d i s t u r b a n c e s  in  th e  s e t t l i n g  o f  m a t te ,  depending on the  a n g le  o f  e n t r y ,  
p a r t  o f  th e  s l a g  j e t  i s s u i n g  from th e  la u n d e r  flow s downward and e n t e r s  
i n t o  th e  m a tte  l a y e r .  In  t h i s  in s t a n c e  the  b r i e f  in te r m ix in g  o f  c o n v e r te r  
s l a g  and m atte  can  be c o n s id e re d  a s  b e n e f i c i a l  in  d im in is h in g  copper l o s s e s  
due to  th e  re d u c in g  a c t i o n  o f  the  s u lp h id e s  on the  c o n v e r t e r  s l a g .  The main 
e f f e c t  however i s  m a n ife s te d  in  t h a t  th e  j e t  cone which i s  n o t  impeded by 
th e  m a tte  l a y e r  may t r a v e l  a c o n s id e ra b le  d i s t a n c e  in  a s h o r t  t im e. Them elis  
and S p i r a  (15) e s t im a te d  t h a t  a  p o r t i o n  o f  th e  c o n v e r te r  s l a g  j e t  o f  
i n i t i a l  v e l o c i t y  o f  1m p e r  second may t r a v e r s e  one h a l f  o f  th e  fu rn a c e  l e n g th
( r o v e r b e r a to r y  f u r n a c e s )  i n  about 5 m in u te s .
_ 6 V  P o s s i b i l i t i e s  o f  r e f i n i n g  the  mode o f  e s t im a t io n  o f  h e a t  f l o w j . n_
th e  m olten  s l a g .
F o l lo w in g  the  s im p l i f y in g  assu m p tio n  app liiu i i n  the  p re v io u s  
argum en ts  t h a t  th e  flow o f  h e a t  i s  e f f e c t e d  p r im a r i ly  by co nduction  th ro u g h  
th e  s l a g ,  some c o n s i d e r a t i o n  was g iv e n  to  the  p o s s ib le  e x te n s io n  o f  th e  mode 
o f  c a l c u l a t i o n  in  o r d e r  to  a . /  i n c r e a s e  the  accu racy  o f  th e  e s t im a t io n  and b . /
h . /  make i t /
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b , /  make i t  amenable to  computer p ro c e s s in g  w ith  th e  uoe o f  the  a v a i l a b l e
com puting  te c h n iq u e s .
Such a  more r e f i n e d  and well-known method, though s t i l l  a  g r e a t l y
s i m p l i f i e d  one f o r  th e  complex system  under i n v e s t i g a t i o n ,  in v o lv e s  th e
a p p l i c a t i o n  o f  e i t h e r  f i n i t e  d i f f e r e n c e s  o r  f i n i t e  elem ents}  (16)$ t h a t
i s  1 , /  s u b d iv i s i o n  o f  th e  re g io n  under  i n v e s t i g a t i o n  in to  a  f i n i t e  number
o f  sm all s e c t i o n s  (n o d a l  s ) s tem )  sec f i g u r e  1V-16.
2 , /  m in im is a t io n  o f  a  fu n c t io n  ov e r  th e  space  c o o r d in a t e , say  in  a  one
d im e n s io n a l  t r a n s i e n t  problem a s in g le  i n t e g r a l  o f  th e  form
1,
1 -  ^ F (x , 0 ,  u ,  u ^ u ^ 'd x  ) 8 . /
x«=0
The i n t e g r a l  i s  m inim ised a t  every  p o in t  i n  time to  o b ta in  r e l a t i o n s h i p  
between th e  nodal te m p e ra tu re s  and the  t im e - d e r iv a t i v e s  l e a d in g  to  a  
sy s tem  o f  o r d in a r y  d i f f e r e n t i a l  e q u a t i o n s ,
) . /  s im u l ta n e o u s  s o l u t i o n  o f  th e  e q u a t io n s  in  m a tr ix  r e p r e s e n t a t i o n ,  the  
i n p u t  d a ta  to  the  computer c o n s i s t i n g  o f  nodal c o o rd in a te  in fo rm a t io n  
p e r t a i n i n g  to  s l a g  c h a r a c t e r i s t i c s  e . g .  a s  / i , / x ^ / ( e ) / i ,  j / k  y 0 ^ / ,  
where ( e ) d en o te s  th e  e lem en t.
The n u m e r ic a l  a p p l i c a t i o n  o f  t h i s  method in  a  more l i k e l y  u n s tead y  
s t a t e  system  o f  e l e c t r i c  fu rn ac e  s l a g s  d id  n o t  b r in g  abou t any improvement 
o r  o f f e r e d  any a d v an tag e  w ha tsoeve r  above th e  sim ple  methods d i s c u s s e d ,  
m ain ly  b ecau se  a . /  the  d e m arca tio n  o f  the  nodal p o in ts  i s  f o r t u i t i o u s  and 
cou ld  r e p r e s e n t  a c t u a l  p o s i t i o n s  on ly  f o r  ex tre m e ly  s h o r t  time i n t e r v a l s  m  
th e  m e l t  c o n t in u o u s ly  in  m o tio n , b . /  th e  c o m p u ta t io n a l  tech n iq u e  i s  tim e -  
consuming and does n o t  w a r r a n t  on accoun t o f  the  u n c e r t a i n t i e s  i n h e r e n t  in  
th e  p r e s e n t  I n s t a n c e  in  th e  s t r u c t u r e  o f  th e  no d a l  system , the  expenses  i n -
vo lved  in  com puter a p p l i c a t i o n .
The KiK ( F l e c t r o  '. 'lag  I te f in in g )  system  le n d s  I t s e l f  mort r e a d i l y  to
th e  game o f  m odelling, th an  the  c o n s id e ra b ly  l e s s  s t a b l e  o p e ra t io n  o f  the
e l e c t r i c  fu r n a c e s  a n d , c o n c e rn in g  the  form er o n e ,  a  number o f  e x c e l le n
s t u d i e s  a p p ea red  more r e c e n t l y  In  the  l i t e r a t u r e  on t h i s  t o p i c s .  S ince
th e  u l t i m a t e  t e s t  o f  any m a t h e m a t i c a l  model I s  i t s  a b i l i t y  to  p r e d i c t  the
b e h a v io u r  o f  a c t u a l  s y s te m s ,  i t  i s  f e l t  t h a t  any f u r t h e r  e f o r t  o f  ex -
t h e o r e t i c a l  e x e r c i s e .
7 . /  Thermal s t a b " " "  « «  a la l’ t e t -
F i n a l l y ,  In c o n n e c t io n  w ith  the  therm al c h a r a c t e r i s t i c s  o f  s l a g s
- 65 -
e 1 n r„ -  0 ,? 4  J ?hd9 5 9 . /
used  in  the  j a e l t l n s  o f  c o p p e r .n ic k e l  c o n c e n t r a te s  a  b r i e f  d i s c u s s io n  o f  an 
im p o r ta n t  p a ra m e te r  in  the  c o n t r o l  o f  the  sm e l t in g  o p e r a t io n ,  i . e .  th e  
th e rm a l  s t a b i l i t y  o f  th e  s l a g  b a th  w i l l  o f f e r  f u r t h e r  i n s i g h t  i n t o ,  and 
f a c i l i t a t e  the e v a l u a t i o n  o f  th e  s la g s  produced.
he te m p e ra tu re  o f  the  B lag, in  a d d i t io n  to  th e  r e s i s t i v i t y ,  i s  
governed by the  c u r r e n t  d e n s i t y  a c ro s s  the  s l a g  b a th .  T h e re fo re  a non-
u n ifo rm  d i s t r i b u t i o n  o f  c u r r e n t  w i l l  r e s u l t  in  h o t t e r  and c o o le r  r e g io n s  i n
the  s l a g ,  i t  i s  t h e r e f o r e  o f  i n t e r e s t  to  have som^mode o f  e s t im a t io n  o f  
the  p ro b a b le  changes  in  tem pera tu re  w ith  the change o f  c u r r e n t .  For t h i s  
purpose  l e t  us c o n s id e r  in  accord  w ith  the  s u g g e s t io n  o f  Kazemensky and c o -
w orkers  ( 1 Z) a  p a r a l l e l e p i p e d  microvolume o f  the  s l a g  b a th  be ing  embedded
i n t o  th e  flow l i n e  o f  the  e l e c t r i c  c u r r e n t .  At s te a d y  s t a t e  c o n d i t i o n s ,  
t h a t  i s  in  th e  c lo s e  v i c i n i t y  o f  the  geom etric  body, a l l  the  h e a t  g e n e r a te d  
by th e  c u r r e n t - f l o w  in  a p e r io d  o f  dG i s  equal to  the  h e a t  lo s s e s  from th e  
m icro -vo lum e. Now suppose t h a t  the  in s ta n ta n e o u s  c u r r e n t  i n t e n s i t y  changes 
by A l . I f  th e  h e a t  l o s s  from the  micro-volume under s te a d y  s t a t e  c o n d i t io n s  
i s
S.0C8
and th e  change o f  c u r r e n t  w i l l  b r in g  abou t a change in  th e  tem p era tu re  o f  
the  m icro-volum e
dQ " Snv " Gloss m Cp ( s l ) d t  4 0 , /
where i s  th e  h e a t  c o n ta in e d  in the  m icro-body and i s  th e  s p e c i f i c
h e a t  o f  s l a g ,  then  ? p 0
0 ,2 4 (1  A I )  IMG -  0,241 RdO -  mCp ( a l )d t  4 1 . /
and ■ 0 ,2 4  I(AI + 21) - r r   4 2 . /
de ‘  p ( s l}
wh. red  „ t b ; p .  Let d be the  average  d iam e te r  o f  the  c u r r e n t  p a th  o f  f i n i t e
cp
length I ,  V -  the  s p e c i f i c  r e s i s t i v i t y  in  ohm.cm and ^  th e  d e n s i t y  o f  s l a g  
in  g/cm , then s in c e
If -  and m -  1 d^p ^  4 3 * /
cp
t h e r e f o r e  ^  /
he re  i  .  c u r r e n t  d e n s i t y  amp/cm2 a t  s tead y  s t a t e  c o n d i t io n s  and Ai i s  th e  
changed c u r r e n t  d e n s i t y .  Now w ith  the  c o n d i t io n s  o b ta in in g  in  th e  r e f e r e n c e  
fu r n a c e s  w ith  ^  2 ,0  g/cm 5, -  4 ,2 - 4 ,7  ohm.cm, Cp^s l ) * 0 ,3 5  k g c a l /k g  a t
'* -  1400° c £  .  2 * ™ ^  -  U l O i i f M  .  21)
At th e  o p o ra t ln K  c u r r e n t  o f  1 0 ,5  kA, e l e c t r o d e  d ia m e te r  o f  1 , 25m and In  c lo a e  
p ro x im ity  to  the  e l e c t r o d e  t i p  where the  c r o o e - e e o t lo n a l  a r e a  o f  c u r r e n t  p a th
can b e / , , .
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can be ncoumori to  be e q u a l  to  t h a t  o f  the  e l e c t r o d e ,  i . e .  1 ,2 3  m , th e  
c u r r e n t  d c n n i ty  in  th e  p a th  o f  e l e c t r i c a l  c o n d u c tio n  w i l l  be 18500/12300 
=i , 1 ,5  A/crn? . On acnuming a  b'/ v a r i a t i o n  in o p e ra  t in g  c u r r e n t  t h a t  i s  
M -  925  amp and A i  -  929 / 10500x 1 ,5  -  7 , 9x10“ ?amp/cm , th e n  f o r  dt?dO we
Kot - 1 a -1
„ 1 , 10x0 ,0 7 9 (0 ,0 7 9  + 2x1 ,9 ) "  2 , 6x10  T . s e c
d@
T his  would i n d i c a t e  t h a t  f lu c tu a t io n ! !  up to  i n  the  c u r r e n t  f o r  a  s h o r t  
d u r a t i o n  o f  m condo o n ly ,  do n o t  a f f e c t  the  p roneos o f  s m e l t in g .  These 
changes  co u ld  n o t  be reg a rd ed  a s  i n f r e q u e n t  in  p r a c t i c a l  o p e r a t io n  o f  some 
p l a n t s  cue to e x e e r s iv e  f l u c t u a t i o n s  in  supp ly  v o l t a g e  on the  fu rn a c e  t r a n s ­
fo rm er p r im a r i e s .  Even cy o lea  l a s t i n g  f o r  1 m inute  w ith  5# v a r i a t i o n s  in  
c u r r e n t ,  the  change in  s l a g  tem pera tu re  would n o t  amount to  more th an  ab o u t 
16°C which, in  any c a s e ,  would be absorbed  by th e  l a r g e  mass o f  s l a g .  
C o n seq u en tly ,  the  p h y s ico -ch em ica l  c h a r a c t e r i s t i c s  ap p ea r  to  p ro v id e  a  good 
the rm a l s t a b i l i t y  to  the  s l a g  produced in  th e  p ro c e s s  o f  s m e l t in g  co p p e r -
n i c k e l  c o n c e n t r a t e s  in  the  r e f e r e n c e  fu r n a c e s .
The the rm a l s t a b i l i t y  o f  the  s l a g  s e c u re s  un ifo rm  and b a lan ced
o p e r a t io n  to  th e  f u r n a c e ,  th e r e f o r e  i t  i s  an  im p o r tan t  f a c t o r  among th e
c o n t r o l  p a ram ete rs  o f  the  u n i t .  Thermal c o n d i t io n s  w i th in  the  fu rn a c e  a r e
governed b a s i c , l l y  by the  p r o p e r t i e s  o f  th e  s l a g ,  t h a t  i s  by i t s  s p e c i f i c
r e s i s t i v i t y ,  s p e c i f i c  h e a t  and d e n s i t y  and a l l  th e s e ,  i n  t u r n ,  depend on
c o m p o s i t io n .  E a r th e n  c a l c u l a t i o n s  i n d ic a te d  t h a t  an a n t i c i p a t e d  In c re a s e
o f  th e  Fed c o n te n t  to  26 p e r  c e n t  and o f  the  MgO to  abou t 22 p e r  c e n t  would
n o t  a f f e c t  s i g n i f i c a n t l y  the  therm al s t a b i l i t y  o f  th e  s l a g .
« « *
Table IV - 2.
D e n s i t i e s  o f  s y n t h e t i c  s l a g s ,  plant Blags__and e l e c t r i c  fu rn a c e  matt e
o
S l a g  D e n s i t y  a t  room  D e n s i t y  a t  1400 C
nursbor t e m p e r a t u r e  e x t r a p o l a t e d
%20°C-(0,141x ft20°C)















P la n t  s l a g s
5,15 - • 2,760
H a jte
4,68 - 4,75 5,770
The knowledge o f  the  flow c h a r a c t e r i s t i c s  o f  o l r j  and m atte  in  th e  
e l e c t r i c  fu rn a c e  i s  o f  g r e a t  im portance because th e  m olten  s l a g  bed a c t s  as  
a . /  a  h e a t i n g  medium f o r  th e  m atte  and b , /  as a  c a r r i e r ,  t h a t  i s  the  e e t t l x n g  
medium o f  the  m olten  m a tte  d r o p le t s  r e l e a s e d  from the  c o n c e n t r a t e . I n  t h i s
way i t  p la y s  a  d e c i s iv e  r o l e  in  the  whole economy o f  the  fu r n a c e ,
I'rom th e  p re v io u s  d i s c u s s io n  o f  h e a t  d i s t r i b u t i o n  in  th e  s l a g  bed 
i t  w i l l  be obv ious  t h a t  the  p a t t e r n  o f  m a te r ia l  flow  as  a fu n c t io n  o f  th e  
flow o f  h e a t  i s  r a t h e r  co m p lic a te d .  In  the  fo l lo w in g  p a r t  o f  t h i s  s e c t i o n  
c e r t a i n  a s p e c t s  o f  the  movement o f  the  molten media w i l l  be c o n s id e re d  in  
c o n ju n c t io n  w ith  r e s u l t s  obtained in  l a b o r a to r y  i n v e s t i g a t i o n s .  The main 
p a ra m e te rs  a f f e c t i n g  th e  c o r r e c t  d im ension ing  o f  the  fu r n a c e ,  a p a r t  from 
th e  d i s t r i b u t i o n  o f  h e a t ,  a r c  the  s e t t l i n g  r a t e  and the  s i z e  o f  th e  m a tte  
p a r t i c l e s .  The f u n c t io n  o f  th e se  w i l l  be handled  in  th e  f i r s t  p a r t  o f  t h i s  
sec t io n  r e g a r d in g  th e  flow o f  the c a r r y in g  medium, in  o rd e r  to  s im p l i f y  th e  
p rob lem , as  t r u l y  l a m in a r .  In  the  second p a r t  th e  flow o f  the  s l a g  w i l l  be 
d iscussed  in the  l i g h t  of th e  h e a t  and v isc o s i ty  d is t r ib u t io n  in  the molten
bed, as a con tinua tion  o f  the  l i n e  of thought th a t  has been followed In  the
p re v io u s  s e c t i o n .  The d i s c u s s io n  o f  the  problem w i l l  be fo c u sse d  o n ly  on 
th e  movement o f  s l a g  s in c e  the flow o f  matte, due to  in te rm it te n t  matte 
t a p p in g  with c o n s id e r a b le  s tagnancy  and i t s  p e r io d ic  c o n t r i b u t i o n  to  the 
general flow p a t t e r n  o f  the  s la g  could  n o t  be regarded as too  s ig n i f ic a n t .
1 . /  The s e t t l i n g  o f  m a tte  pa r t i c l e s  th rough  th e  s l a g .
The s e t t l i n g  v e lo c i ty  of the molten matte p a r t i c le s  was estim ated
by S to k e s '  law e x p re ssed  a s  2 r 2g ( If ~ jf8 l ) -1 »«. /* c m  . H — cm.sec
um " 9 ^
vh„ o  r  -  radiuo o f  mat to p r i l l s ,  V  acc e le ra tio n  due to  g rav i ty  and *  „  
and f  -  s p e c i f i c  g r a v i t i e s  of m atte  and s l a g  resp ec tiv e ly  in  g/om ,
Figur0 IV -  17. DENSITY OF WILTS IN THE SYSTEM UO-FaO-l o ^ - S i C ^  «t 1W0 C.
( a f t e r  H,G, SohuSert )
Leqrnd Weight per cent StO t 1 $*%
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Figure SPECIFIC GRAVITY OF WATTE AS A FUNCTION OF COPPER CONTENT 
AM) TEMPERATURE.




Copper content of Witte
per cent
-  on
e n t im a te d  from the b a s i c  v a lu e s  u s in g  d a ta  a v a i l a b l e  in  the l i t e r a t u r e  
r e l a t i n g  to  m easurem ents c a r r i e d  ou t on molten s la g s  of s im i l a r  c o m p o s i t io n ,  
o r  a t  l e a s t ,  o f  com parable  b e h av io u r .  U n fo r tu n a te ly » d a ta  o f  th e s e  ty p e s  
o f  i n v e s t i g a t i o n s  a r c  r a t h e r  s c a rc e  a n d , p e r t i n e n t  to  the  q u in n a ry  system  o f  
t h i s  s tu d y ,  s im ply  n o n - e x i s t e n t .  The b e s t  so u rc e s  found were based  on th e  
system s CaO-FeO-SiO^, ( I B ) ,  CaO-Al^Oy-GiO^ (19), Al^CyMgO-SiO^ (20), 
then f o r  com parison  purposes  c e r t a i n  b in a ry  and t e r n a r y  s i l i c a t e s  (21)*
In  th e  knowledge o f  the  expansion  c o e f f i c i e n t  o f  th e  m a te r i a l  th e  d e n s i ty  
can be c a l c u l a t e d  a t  any tem pera tu re  between am bient and the  te m p e ra tu re  of 
o p e r a t i o n  f  om the  c o r re sp o n d in g  expansion
«  -  i  < - & ,
thus the  volume a t  te m p e ra tu re  " i l l  be
\  '  v o [ 1  t < i ( t "  V ]  4 7 , /
Mid the  d e n s i t y  Jft  "  1T0 [1 ♦ d ( t  "  V ]
The d if fe ren c e  between the expansion c o e f f ic ie n ts  ca lcu la ted  fo r  the  ^
va rious  systems was very g rea t  varying between 0,5xl0* and 4,5x10 _cm /"C. 
By c a re fu l  in te rp o la t io n  of a l l  l i t e r a t u r e  da ta  a value of a -  5,2x10 /"C
was found to rep re sen t  best the quinnary system under study from which the 
expansion from P0°C to 1400°C in case of p lan t e lags with th e i r  average 
d e n s i ty  of 5,20 g/cm5 a t  ambient w ill  be
* 5,?0- ( l 400- 20)x5, 2x l0* -  2,7b g/cm
$1400
th a t  i s  about 14,1 per cen t. U m e-e l l ie a  melts con ta in ing  i ro n  oxide were
s e S
2,0  and 5,0 g/cm5 a t  the temperature oi concern to the presen t work.














FIguro IV -  1 <J. MAT;r PmLL !>IZK -  T  ITLING VELOCITY -  VISCOSITY RELATIONSHIP 
BASED ON STOKE3' LAW.
l A f  ■ i  1
Viscosity, pot
. r  f  , » ____
Droplet dl•meter In elorono
Figure IV -  1% A MATTE PRILI SIZE -  SETTLING VELOCITY -  VISCOSITY RELATIONSHIP 
IIASED ON SIOKKS' LAW.
( A |  • 1 )
VI •c o s i ly ,  pot • •
Droplet diameter, microns
II
F i g u r e  V-
A . /  Aivr"in,'-<:]r/:T)t v f  r o a c t o r n .
W
j ,,1V ,,vw V wc c c cr l^  yIf 11
w,VT
■ 1'
r e t u r nConvert
l \J  Corulj t i o n o  f o r  Hin^ n s i o n l n r  of  s e t t l e r ^
- 09 -
of th in  value the s e t t l i n g  ve lo c ity  of the matte p a r t ic lc e  wan ca lcu la ted  
using S tokes ' equation  fo r  d rop le t  diameters of 1 to 10^ microns in  the 
v i s c o s i ty  range o f  1 to lf> poise* The r e s u l t s  are given in f igu res  JV-19 
and 1 9 a . ) .  From the graphs i t  w il l  be apparent th a t  a matte d rop le t of 
1 mm diam eter a t  a s la g  v is c o s i ty  of 2 poise has a s e t t l i n g  v e lo c i ty  of 
approximately 0 ,25  cm,sec"1 , whereas a p a r t ic le  of 0,1 mm diameter w il l  
s e t t l e  only a t  a v e lo c i ty  of 0,0025 cm.sec- 1 . On the o ther hand a 1 mm
d ia . d ro p le t  a t  a  s la g  v is c o s i ty  of 1 poise s e t t l e s  a t  0 ,6  cm.sec v e lo c ity
but a t  0 poise the s e t t l i n g  v e lo c ity  i s  0,C7 cm.sec ,
By v i r tu e  of hydrodynamics the e f fe c t  of the l iq u id  upon a s e t t l i n g  
p a r t i c l e  i s  such th a t  i t  tends to reduce the acce le ra tion  due to g rav ity  by 
a c e r t a in  f a c to r .  A sphere f a l l i n g  under g rav ity  w ill  have forces ac t in g  
on i t  mg downward and m'g upward and a re s is tan ce  & m'(du/d@) upwards, here 
* * * „ ,  o f  sphere , m'.mass of l iq u id  d isplaced by sphere and 0 time. The
equation of motion of sphere i s  ( 25)
mg-m'g-i m' (du/dti) • m(du/dO) 49*/
th e re fo re  the a c c e le ra t io n  i s
"*sl__ gc 50. /du m - m'
l f * H > rel  46 ” m + i ” ,g4* ♦ i f . l
m en w ith the phyoieal ch a ra cter la tice  o f . la g  and matte in v e .t lg a te d . a t
“ — r : perar r: of.du S .8 -2 .8  9 ,81  -  1 ,89 kg.m .sec
dO * 57871(2781
2 /  -  m  - ........................ » * * »  p a r t l c l e  w lth  t h °  8 l ~
weights of s la g  and m atte, an
the end of the e e r i e ,  a . .hewn In f l ^ r e  IV-20A.
- 90
Sincv , theor«;1.ica.lly ( I ) each  r e a c to r  r e c e iv e s  the  same amount o f  
c o n c e n t r a t e  t f l u x ,  the w eigh t o f  the feed  (W^) from r e a c t o r  to  r e a c t o r
T n  I V  V T
w1 w1 1 .................... w,v  -  y ! 1 5 1 . /c c c C
Under optimum co n d i Lionr th e re  i s  no s l a g  l o s s  in  th e  system a s  a  whole , 
t h a t  i s  th e  t o t a l  amount o f  s l a g  r e p re se n te d  by the  c o n c e n t ra te  (W ^ w i l l  
he d in ch arco .l  (w‘!}0t'h )
VC, -  Wd?SChl 5 2 . /s l  s i
Vhe s l a g  i s  w ithdraw n c o n t in u o u s ly ,  t h a t  i s  In p u t  = O utpu t, w h ile  th e  m atte  
i n t e r m i t t e n t l y ,  i . e .  Input -  Accumulation -  Output in  t a p - t o - t a p  c y c l e s .
L e t u d en o te  the v e l o c i t y  o f  s l a g  moving in  the  bed and u^ th e  f r e e -  
f a l l i n g  ( t e r m i n a l )  v e l o c i t y  o f  m atte  p a r t i c l e s .  Then the  l e n g th  o f  p a th  
t r a v e l l e d  by th e  m a tte  p r i l l s  ( L ^ )  i s  r e p re s e n te d  by the r e l a t i o n  o f  th e se
two v e l o c i t i e s  a s t
and pM
X  .  M ' M  -  ^  5 ? i /
a8i  [ w m I w L
-  Lu . = l / C0SlX
;pm
h e c u n e  th e  v e l o c i t y  o f  . 1 ^  flow ^  1- c o n s ta n t  and ^
i E = = E = r = =
r o l e  o f  c  y ,  can w r i t e  ^  <  then ^  >  ^
o< ,  45° U, 1  ■ 4
ct >  45° us l  < 4
. . . . .  -    "  r "
o f  u n i t  len R th  o f  s e t t  «  J  ^  This  te rm in a l  v a lu e  a t  a
- «  r : r E ;  
z i z n z  .  - — - ■ “  “ ■
e t i  a m r l  a  +  /
Flguro  IV -21. W'TI! Of MATT!7 S' ! II I!/, AS A I ' / 'M r  I. or TAKHOI.I. LOCATION 
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r e l e a s e d  a t  t h i s  p o i n t  w i l l  h e  c a r r i e d  o v e r  t o  t h e  n e x t  s e t t l i n g  u n i t .  I n
t h i s  w a y  f o r  t h e  w e i g h t  o f  s e t t l e d  m a t t e  we c a n  w r i t e
t
U - ‘A ) £ I wm 5 5 ./
w h e r e  V® i s  t h e  s e t t l e d , a n d  X  Wm i s  t h e  t o t a l  r e l e a s e d  m a t t e  w e i g h t .  On t h e  
o t h e r  h a n d  t h e  t e r m i n a l  v e l o c i t y  i s  a  f u n c t i o n  o f  t h e  p a r t i c l e  d i a m e t e r  an d  
t h e  v i s c o s i t y  o f  t h e  s l a g
-  f < n .  V
e x p r e s s e d  b y  th- f a m i l i a r  S t o k e s  e q u a t i o n .
T h e r e  a r e  tw o  f u r t h e r  f a c t o r s  i n f l u e n c i n g  t h e  q u a n t i t y  o f  m a t t e  
s e t t l e d :  t h e  c o a l e s c e n c e  f a c t o r  f  a n d  t h e  r e c y c l e  r a t i o  R. T h e s e  a r i s e  
due t o  t h e  b u o y a n c y  f o r c e s  a c t i n g  u p o n  t h e  m o l t e n  s l a g  an d  t h e  s t i r r i n g  e f f e c t  
o f t h e  e l e c t r o d e s  a n d  b o t h  a c t  i n  t h e  d i r e c t i o n  o f  t h e  i n c r e a s e  o f  W^* T h e r e ­
fore i n  a  m o re  e x a c t  t r e a t m e n t  t h e y  s h o u l d  b e  i n c l u d e d  i n  e q u a t i o n  55* Th® 
c o a l e s c e n c e  f a c t o r  m i g h t  b e  e x p r e s s e d  i n  t e r m s  o f  p e r  c e n t  i n c r e a s e  i n  t h e  
average p r i l l  s i z e  a t  a  c e r t a i n  s l a g  d e p t h .  The r e c y c l e  was. f o u n d  t o  be 
very l i m i t e d  u n d e r  t h e  c o n d i t i o n s  o f  o p e r a t i o n  t h e r e f o r e ,  a s  a  r e a s o n a b l e  
f i r s t  a p p r o x i m a t i o n |  i t  w i l l  b e  o m i t t e d  f r o m  t h i s  a n a l y s i s .
An o t h e r  a s p e c t  t h a t  w i l l  h a v e  t o  be t a k e n  a l s o  i n t o  a c c o u n t  i s  t h e  
e f f e c t  o f  t h e  l i q u i d  u p o n  a  s e t t l i n g  p a r t i c l e .  The e x p r e s s i o n  f o r  th is  w a s  
given b y  e q u a t i o n  5 0 , / a n d  t h e  v e l o c i t y  d e c r e a s e  w as  f o u n d  a s  d u / d 9  -  1 , 8 9  
kg.m .s e c ” 1 , t h u s  t h e  a c c e l e r a t i o n  d u e  t o  g r a v i t y  i s  r e d u c e d  b y  a  f a c t o r  o f  
0 , 1 9 3 .  W it h  t h e  i n c l u s i o n  o f  e q u a t i o n  5 3 * /  t h e  c o m p l e t e  e x p r e s s i o n  f o r  t h e  
w e i g h t  o f  t h e  F e t t l e d  m a t t e  p a r t i c l e s  o f  a n  a v e r a g e  d i a m e t e r  Dp w i l l  be
[ f c r’p Ec  fo r *  -  1 )  a  £ w  5 J ._ '
 *------------------- ' L h  mW °  -
M “.1
A. an n x n a p l e  of p ra c t ic a l  app lica tio n  to opera ting  u n ite  Table IT-J baaed 
on a  bulk d c n e i t y  dirfe renoe  of A * .  1 between the two media at the average 
tem poral,re  of t h e  r e f e r e n c e  furnace . l a g s  gives A.) the terminal v e lo c i t ie e
o f  the matte p r i l l , ,  by Stokes' equation a t  *1 .  2 to 5 I101"0 and B ,)  th e  
c a lcu la ted  values o f  u ^ u  in the same v isc o s i ty  range on tak ing  nn average 
value u • 2xlO"^c„ .sec"  fo r  the flow ve lo c ity  of the e lan  ’ -a the 
furnaces no c a lcu la te d  from m aterial balance and bed dimenal p e r t in en t  to  
p ra c t ic a l  ope ra ting  cond itions . With the use of those data and equation 5 6 . /  
the values compiled in Table IV-4 could be computed. Here the average s la g  
v is c o s i ty  was taken as 5.5 P 0 i - = .  the to ta l  depth o f  the s la g  bed 1,52m, the 
lo ca tio n  of the lapholeo below the s lag  surface  0,14 , 0,54 , 0 ,54 and, a s  a 
h y p o the tica l  e x t r e m e ,  1,52m (slag-m atte  in te r fa c e ) ,  g iv ing  thus fo r  H/h 9 ,45 , 
5,08, 2,40, and 1 ,00 . Figure 1V-21.) based on the da ta  o f  Table IV-4
d if .p la y s  the  w^ijjht p e r  c e n t  o f  re  t i l e d  m atte  p a r t i c l e s  o f  v a r io u s  s i z e  a s  
th e  f u n c t io n  o f  the  r a t i o  ll/h p e r t i n e n t  to  u n i t  le n g th  (im) o f  th e  s e t t l e r .
I t  w i l l  be o b v ious  from the p lo t s  th a t  fo r  example w ith  the  l e n g th  o f  th e  
s e t t l i n g  zone o f  the  r e f e r e n c e  furnace  (5m) and a l l  m atte  p a r t i c l e s  r e l e a s e d  
a t  th e  f r o n t  o f  the zone , m a tte  p r i l l s  down to  micron ( i n c l u s i v e )  would 
s e t t l e  o u t  100 p e r  c e n t  (g iv e n  as  0,2x5x100 from the  o r d in a te  o f  th e  g rap h )  
i f  th e  ta p h o lo  were l o c a t e d  a t  ll/lO = 0,15?m below the  s l a g  s u r f a c e .  On th e  
o th e r  hand a t  ll/h «* 5 , t h a t  i s  a t  a  dep th  o f  1 ,5 2 /5 = 0 ,264m, th e  60, 80 and 
100 m icron  p a r t i c l e s  w i l l  s e t t l e  ou t 100 per  c e n t .  On fo l lo w in g  th e  v e r t i c a l  
d o t t e d  l i n e  from the  i n t e r s e c t i o n  o f  y -  0 ,2  and x ■ 5i the  v a r io u s  s i z e  
m atte  p a r t i c l e s  w i l l  s e t t l e  o u t  as fo l lo w s :  50/x - > 0,14x5xl00«70>$
0 ,0 9 7 x 5 x 1 0 0 -4 8 ,5 /;  50/ < yo , 055x 5x100- 2 7 , 5r/ ;  2o / i - n > , 022x5x i c o - i i , o &  i f ,  on
th e  o t h e r  h and , the  t o t a l  le n g th  o f  the  s e t t l i n g  zone i s  2m which i s  c lo s e  
to  th e  2,15m le n g th  o f  the  in d iv id u a l  r e a c t o r s ,  a t  the  same H/h»0 , 264m t a p -  
h o le  l o c a t i o n  on ly  th e  100 micron p r i l l s  would s e t t l e  1 0 0 / ,  th e  80 micron 
would s e t t l e  a s  0 , 55x 2x l 0 0 »70/ ,  the 60 micron a t  40/  and the  20 micron as  
4 , 4 /  o n ly .  In  case  o f  s te a d y  s t a t e  c o n d i t io n s  i t  would be thus  p o s s ib le  to  
d e te rm in e  th e  a c c u r a te  l e n g th  o f  the  s e t t l i n g  zone in  th e  knowledge o f  th e  
s i z e  spec trum  o f  the  m a tte  p a r t i c l e s  n ece ssa ry  f o r  the  most e f f i c i e n t  se  -  
p a r a t i o n .  The average  p r i l l  s i z e ,  i y  f o r  a  mixed bed o f  a  wide spectrum  
o f  p a r t i c l e s  can be most c o n v e n ie n t ly  e s t im a te d  by the  method o f  Reboux(24)
£ 8 $p . 7 _ X d p 5 7 . /
where X » w e ig h t  f r a c t i o n  o f  d . ThenP
58./
%
h e re  d_p
p a r t i c l e  d ia m e te r .  Then f i n a l l y
l b
h a t  i s  the  square  ro o t  o f  th e  p ro d u c t  o f  two a d ja c e n t
Bp y  2L
59./
Thus the  av e rag e  p a r t i c l e  r i= e  below the  c r i t i c a l  e l « ,  d  ( a l l  c a r r i e d  
e v e r )  and above the  c r i t i c a l  s i z e ,  nE ( a l l  b o t t l e d ) ,  from e q u a t io n  5 9 . /
i s  r e p r e s e n te d  am p i  <, DC <  I)8
t h a t  i s  — 1-------- ®p "
n , o
i w  z w
and the  w eigh t o f  m a tte  s e t t l e d  e x p re ssed  In  term s o f  p a r t i c l e  e l s e  I s  th e n
-  93 -
6C,/
5 » /  M i c r o B C o p i c  i n v o ; . t i p ; a t , i o n  o f  i h o  k I ’/ . o  a n d  d i s t r i b u t i o n  o f  m a t t e  
p a r t i a l ;  r;  i  •• M '  - a l a f l .
In the 13 • o f  the f o r r ^ o i n p  d iG cu a r .io n  o f  p a r t ic le  s ize  -  matte
lo ss  r e l a t i o n s h i p  . i . a p p a r e n t  th a t  t h e  a d e q u a t e  dimensioning c f  the 
s e t t l e r  c a n n o t  bo  pc. '’"'rmed w i t h o u t  the k n o w l e d g e  of the s ize  of matte 
p a r t i c le s  d e s c e n d i n g  i n  the m o l t e n  s l a g  b a t h  d u r i n g  the process of sm elting. 
In the c o u r s e  of t h e i r  d e s c e n t  the- b a t h  m o t i o n  may b r i n g  about coalescence 
between the various s iz e  m a t t e  p r i l l s  r e l e a s e d  from the co ncen tra te » The 
r e s u l t in g  increase  of s iz e  w ill  promote s e t t l i n g  and reduce thereby the 
matte lo sse s  below th a t  could be expected from the i n i t i a l  o r "as re leased"
size  range o f  t h e  p a r t i c l e s .
W h U e  references  are  a v a i l a b l e  o n  t h e  s ize  d is t r ib u t io n  of matte
p r i l l s  produced in  reverbera to ry  smelting of copper concen tra te s , very 
l i t t l e  has been published on the s ize  of p a r t i c le s  o r ig in a t in g  from 
e l e c t r i c  furnace processing . On account of the d ifference  ir. bath motion 
and temperature d is t r ib u t io n  between the two types ol u n i ts  i t  can be 
a n t ic ip a te d  th a t  the s iz e  range of the matte p a r t i c le s  w il l  a lso  d i f f e r .
The fo llow ing experimental work was accomplished with the aim to gain an 
in s ig h t  in to  a . /  the a c tu a l  g rain  s ize  and b . /  the s ize  d i s t r ib u t io n  
an> possib ly  a lso  the ex ten t of coalescence, i f  any, of the p r i l l s  during 
th e i r  t ra v e l  through the molten s la g  lay e r .
Rxne 'r im enta l p ro c e d u re .  V arious s e r i e s  o f  samples were ta k en  from the
opera ting  furnace through the matte sounding hole
with the aid of a sampling probe reaching to  the
bottom of tho furnace. The construction  of the jacketed , a ir -c o o le d  probe 
was s im ila r  to th a t  described by Themelis (?5 ) .  A fter withdrawing the 
probe, the t o t a l  length  of tho cooled s lag  c ru s t  frozen unto the surface 
of the rod was divided in to  10 cm sec tio n s , broken o f f  from the probe and 
saved. A ltogether IP samples were thus obtained from one batch each re  -  
p resen ting  a 10 cm sec tion  of the t o ta l  depth, 10 cm sec tions  were
fu r th e r  subdivided in to  th ree  e q u a l  parts  in c reas ing  thereby the number of
samples to _ . .
Kach sample, having on exposed surface fo r  Inv es tiga tion  o f  about
1 5 to 2 cm2 was c a s t  in to  a p la s t i c  mould and subjected to ,p o l ish in g  f i r s t
with rough, then with f ine  sand paper and f i n a l ly  su rface -f in ish ed  on
pol*.thing d isc s  with f in e  a lw ilna powder suspended in w a t e r  serv ing  os a
No-1. Depth of sampling t 20 cm
Smaller p o r t lc le s i  bO to  100 microns 









Spherical p a r t i c l e s  as released  from concentrate 
Depth of sampling $ 30 cm 
Smaller p a r t ic le s*  15 to 70 micron 
Larger p a r t i c l e s  i 130 to  200 micron.
Depth of sampling t 30 cm
Large sphere of m atte , 6T) micron
Smaller p artic les  i 50 to  100 micron
Depth of sampling t 10“ cm
Dispersed small p a r t i c l e s ,  15 to 50 micron
Depth of sampling s 110 cm 
Large p a r t i c l e  in th e  cen tre  1 mm.
Coalescence
Depth of sampling i 120 cm.
P a rtic les  up to 450 micron
Evidence of co ,I .ecence  In the hot ton region of th e  »L g  bed.
Depth of sampling i 12D cm 
Non-spht r ica l partic les
Evidence of coalescence in  the bottom region of th e  .1 .9  bed
Depth of sampling i 3-> cm
Large p a r t i c l e s  i t o  400 micron
Medium s iz e  * . 1 »  to  200 microns
. .  , 50 to  100 microns
Evidence of coalescence in  the upper region of the  s lag  bed.
Depth of sampling denotes the  d is tance  from th e  so l id  c ru s t  on the  
top of the  molten s lag  lay e r .








P h o t o g r a p h  No. 7
Photograph No. 8
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p o l i s h i n g  a r > e n t .  Thu p o l i s h e d  s a m p le b  w e r e  t h e n  i n v e s t i g a t e d  i n  r e f l e c t e d  
l i g h t  unde-r a  L e i t z  mot a l l o g r a p h !  c  m i c r o s c o p e  e q u i p p e d  w i t h  a  p o l a r o i d  
c a m e r a  f o r  p h o t o g r a p h i n g  t h e  s u r f a c e s .  The u i / c  o f  t h e  g r a i n s  w a s  m e a s u r e d  
w i t h  t h e  a i d  o f  a  s e a l o  o f  1 0 0  d i v i s i o n s  e t c h e d  o r  t h e  s u r f a c e  o f  a  g l a s s  
d i s c  w h i c h  c o u l d  b e  a c c o m m o d a te d  i n  o n e  o f  t h e  o c u l a r s  o f  t h e  m i c r o s c o p e t
1 d i v i s i o n  r e p r e s e n t i n g  0 , 1  mm. i n  k n o w in g  t h e  m a g n i f i c a t i o n  t h e  p a r t i c l e
s i z e  c o u l d  t h e n  b e  c a l c u l a t e d .
T he  a p p r o x i m a t e  s i z e  d i s t r i b u t i o n  war, o b t a i n e d  b y  l e n g t h y  s c a n n i n g  
o f  t h e  s u r f a c e s  and  c o u n t i n g  t h e  num ber o f  g r a i n s  o f  v a r i o u s  s i z e ,  t h a t  i s  
b y  t h e  f a m i l i a r  p o i n t  c o u n t  t e c h n i q u e .  T hen  a  s t a t i s t i c a l  a s s e s s m e n t  com ­
p l e t e d  t h e  p r o c e d u r e .  A 5 7 8  t i m e s  m a g n i f i c a t i o n  w a s  u s e d  f o r  c o u n t i n g ,  b u t  
i t  p r o v e d  i n a d e q u a t e  f o r  p h o t o g r a p h y  p u r p o s e s  d u e  t o  t h e  h a z i e r  c c n t o u r e s  
t h a t  r e s u l t e d  a t  t h i s  e n l a r g e m e n t .  T h e r e f o r e  p h o t o g r a p h s  w e r e  t a k e n  w i t h  1  
l o w e r ,  l^ O x  m a g n i f i c a t i o n .
5 . 2 . /  He s u i t s  .and d i s c u s s i o n .
a . /  P a r t i c l e  s i z e  and s i z e d i s t r i b u t i o n .  P h o t o g r a p h s  1 t o  8  t a k e n  o f  t h e
s a m p l e s  o r i g i n a t i n g  fr o m  v a r i o u s
d e p t h s  o f  t h e  s l a g  b a t h  g i v e  a n  i n d i c a t i o n  o f  t h e  d i s p e r s i o n  o f  t h e  m a t t e
p r i l l s  i n  t h e  s l a g  m a t r i x .  F i g u r e  1 V -2 2  s h o w s  t h e  s i z e  d i s t x i b u t i o n  o f  t h e
p a r t i c l e s  b a s e d  o n  a  g i v e n  n u m b er  o f  c o u n t s  f r o m  2 0  m i c r o n  s i z e  u p w a r d s .
The  s m a l l e s t  s i z e  c o u n t e d  w a s  1 5  m i c r o n  b e l o w  w h i c h  t h e  i n f o r m a t i o n  a b o u t  
t h e  a c t u a l  num ber  o f  g r a i n s  i s  m ore a  r e s u l t  o f  g u e s s - w o r k  a n d  w o u ld  b e  m i s ­
l e a d i n g  i n  t h i s  r e s p e c t  t o  r e s o r t  t o  t h e  p r a c t i c e  o f  e x t r a p o l a t i o n .  From  a  
p r a c t i c a l  p o i n t  o f  v i e w  t r u l y  m e a n i n g f u l  r e s u l t s  c a n  b e  o b t a i n e d  b y  c o n v e r t i n g  
t h e  d a t a  i n t o  a c t u a l  w e i g h t s  a s  r e p r e s e n t e d  b y  t h e  v a r i o u s  s i z e  f r a c t i o n s .
T h i s  c a l c u l a t i o n  w a s  c a r r i e d  o u t  f o r  s p h e r i c a l  s h a p e ,  b u t  f r o m  t h e  p h o t o  -  
g r a p h s  i t  i s  o b v i o u s  t h a t  a  g r e a t  p r o p o r t i o n  o f  t h e  p a r t i c l e s  i s  n o t  
n e c e s s a r i l y  s p h e r i c a l .  T h i s  m i g h t  b e  d u e  t o  som e e x t e n t  t o  t h e  a c t i o n  o f  
t h e  s u r f a c e  t r e a t m e n t  th a »  c o u l d  h a v e  c a u s e d  d e f o r m a t i o n  t o  t h e  f r i a b l e  
p a r t i c l e s .  S i n c e ,  h o w e v e r ,  t h e  s p h e r i c a l  s h a p e  a p p e a r e d  s t i l l  p r e d o m i n a n t ,  
t h i s  w as  u s e d  a s  a  r e a s o n a b l e  f i r s t  a p p r o x i m a t i o n  w h i c h  fr o m  a  s t a t i s t i c a l  
s t a n d p o i n t  w o u ld  n o t  c a u s e  a  t o o  s i g n i f i c a n t  e r r o r .  T h e n  f o r  e x a m p le  t h e  
w e i g h t  o f  a  1 0 0  m i c r o n  p a r t i c l e  w o u ld  b e  o b t a i n e d  a s  f o l l o w s t
d -  0 , 1  mm, t h e n  v o lu m e  V - 4 / 5  " I » 3 3 5 x 3 i l 4 * ( l * ? 5 x l 0  ) »  5 , 2 5 x 1 0  mm
r ^  - 0 , 0 5  run, d e n s i t y  a t  1 4 0 0  C jf " 3,7? g /c m  
" t h e n  w e i g h t  W, -  ( 5 , 2 5 , 1 0 - 4 ) x 5 , 7 7  -  1 , 9 7 x 1 0 - ) * ;
Number o f  p r i l l b c o u n t e d  Np -  3&
W xN » 7 , 1 x 1 0 "  rag 
P P
Figure I V  -  n .  SI/E W S T R n H T I O N  O f  MAT EF P A R T I C L E S  IN THE SLAG 











f r r t l o l e  s i t e ,  *$crone
F igu re  IV- 23. WEIGHTS 01 VAUIOUS 31/1 n«r;T|ONS AfO CUWUlATIVE WEIGHT INCREASE
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P e r t  I ole diameter, microns
2001 0 0
Thiu c a lc u la t io n  wno perfoi’mr.d on a l l  s ize  f ra c t io n s  inv es tiga ted  and the 
r e s u l t s ,  both as f r a c t io n a l  and cumulative weight increase are i l l u s t r a t e d  
in f igu re  1V-2). ) .
I n  a b r i e f  sum m ary i t  w a s  f o u n d  t h a t
1 , /  No c l e a r  d o f i n i t 'o n  o f  an average matte p a r t i c le  s ize  could be 
made in those s e r i e s  of in v e s t ig a t io n s . The number of p a r t i c l e s  
appeared t o  increase s te a d i ly  down to  about 20 micron from which 
s i z e  the n u m b er  d e c r e a s e d  abruptly  and only a few p a r t i c le s  could 
be found s m a l l e r  than 1^ micron. Their number between 5 and 1%, 
micron c o u l d  not b e  a s s e s s e d  with adequate c e r ta in ty .
2 . /  T h e  a v e r a g e  l a r g e r  s i z e  was in  t h e  range of 100 -  >00 micron.
Odd l a r g e  s i z e  was found between 5 0 0  -  7 0 0  micron, the la rg e s t  
observed b e in g  1,1 mm. I f ,  as a rough approximation, the number 
of p r i l l s  below 15 micron s ize  were not included in  the a n a ly s is ,  
then the p e r c e n t a g e  s i z e  d is t r ib u t io n  from the number of counts 
would b e  a s  follows t
s u e ,  ?U-y. 50-40 40-50 50-bo 60-100 100-200 200-400 400-600 600-1000 
*  40 25 17,5 14,6 4,5 2 .5  0 ' 6 ° - 4 0 ,1
5 , /  The w i g h t  d i s t r ib u t io n ,  according to f igu re  IV-25 le  inveree ly  
p rop o rtiona l to the number of p a r t i c l e ,  and in c re a se ,  with in  -  
c reas in g  s ize  range. I t  i t  in te r e s t in g  to note th a t  p a r t i c l e ,  up 
to 200 micron represent only about 10 per cent of the t o t a l  matte 
p r i l l  weight while 90 per cent i s  made up o f  the weight of the few 
odd la rge  s ize  p a r t i c l e s .  Below 50 micron s iz e  they account fo r  
not more than 1 per cent of the t o t a l  weight and only fo r  about 
a i r r n t  bn low the 25-50 micron s iz e .
h . /  P a r tic le  coalcnrer.cc. With the photograph, taken i t  wa. p o ss ib le  to  
—  ' " ” ob tain  some inform ations as to the ex ten t and
mode of c o a l e s c e n c e  th a t can be expected during  the , ravel o f p r i l l ,  along 
the depth of the s la g  ba th . Photographs 5 to 6 in d ica te  the evidence o f 
p a r t ic le  c o a l e s c e n c e  which, as w i l l  be appare.it, i s  no t confined e o le ly  to
:  r - r r  = : = :  ^
and electrom agnetic  forces due to th e ir  mixing e f fe c t  may c re a te  co n d itio n , 
favourable fo r  an ea rly  coalescence of the p a r t i c le ,  c lose  to  th e i r  p r in t
o f r e l e a o o  from t h e  c o n c e n t r a t e .  , . . .
Borne time ago Johansson and V ic e  (16) have a lready  s tre sse d  the
im portant ro le  played by the ch arac te r of the concentrate  a .  the main
9 6 -
governing fa cto r  o f  m a t to p r i l l  a l z e  "a  ^ r e l e a s e d "  from the concentrate  
m atrix. T uo they have- f o n i d  t h a t  o r e s  containing larger grains 01  sulphide 
w ill  p r o d u c e  la rg er  d r o p l e t s  th a n  f i n e - g r a i n e d  f lo ta t io n  con cen trates» h a lf  
o f which iray contain  c o n c e n t r a t e  p a r tic le s  srn'.ller that 4  ^ micron. S tudies  
carried  out in  the n e a r  p a s t  o n  t h e  growth of m eta llic  copper p a r t ic le s  in  
the s la g  d r e w  a tten tio n  t o  the i m p o r t a n c e  o f the coo lin g  rate o f s la g . Thus 
Yazava and Kamoda ( f 6 )  h a v e  d e m o n s t r a t e d  that an e s & t ia l  fa cto r  in  the pre­
c ip ita t io n  p r o c e s s  ir. t n c  r e s i d e n c e  time o f the s la g  a t a temperature ju st  
below the s l a g  liq u idu s when maximum growth of the p rec ip ita ted  p a r t ic le s  
can take p la ce . T estw ork carried out a t the Horanda Research Centre (2?) 
confirmed t h e s e  r e s u lts  and indicated  very su b stan tia l growth rate o f  the 
grains when coo lin g  Norand* Process p i lo t  plant s la g s  from 1200 to 1000 C 
in  r e sp e c tiv e ly  5 ,  40  and 2 2 7  minutes. Cooling rates o f le s s  than 1 0  minutes 
resu lted  in  p a r t ic le s  o f 25 micron average s iz e  while in  the most slow ly  
cooled s la g  the avcrag s iz e  was found to be 8 7  microns. I t  i s  therefore  
conceivable that the large p a r t ic le s  observed in samples taken c lo se  to the 
top o f the s la g  bed in  the present study might have come about a .  a r e s u lt  
o f  slow co o lin g  e f f e c t s .  The degree o f coalescence may extend to the fo r -  
.a t io n  o f  200-)00 micron s iz e  p a r t ic le s  (photograph No-?) or large a g g r e g a t e .
as shown for  example in  photos 5 and 0.
The ahove observations would point to the fa c t  that the time -
a v a i la b i l i t y  i s  only on . a sp ect, though a rather important on. o f p a r t ic le
coalescen ce and matte s e t t l in g .  The ro le  o f temperature v a r ia tio n s  In the
path o f  the p r i l l s ,  whether these are descending or being moved around by
the a g ita tio n  o f the s la g  la y er , contribute a lso  considerably to grain  growt
and th erefore to the s e t t l in g  of m atte.
U ltim ately  however, in th is  process o f su ccessive  h eating  and
:  = =
t e m p e r a tu r e -v is c o s lty  p lo ts  expre.sed by the temperature c o e f f ic ie n t  
v is c o s i ty  equation with large values o f At, In
iilllliSir
dimensioning fo r  e le c t r ic  furnaces producing copper or
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The d i s c u s s e d  s t m n ^  i m p a c t  o f  s l a g  c h a r a c t e r i s t i c s  o n  m a t t e  s e t t l i n g  w o u ld  
s u g g e s t  t h a t  i n  r e c t a n g u l a r  v e r s u s  c i r c u l a r  f u r n a c e  sy m m e tr y  w i t h  a l t o g e t h e r  
d i f f e r e n t  t e m p e r a t u r e  d i s t r i b u t i o n  and mode o f  p a r t i c l e  c o a l e s c e n c e  i n  t h e  
tw o t y p e r ,  o f  g e o m e t r y ,  o n e  p a r t i c u l a r  s l a g  may h e  p e r f e c t l y  s u i t a b l e  a s  a  
s e t t l i n g  m edium  f o r  t h e  m a t t e  and  w o u ld  f a c i l i t a t e  e x c e l l e n t  s l a g  -  m a t t e  
s e p a r a t i o n  i r r e s p e c t i v e ,  w h e t h e r  t h e  f u r n a c e  i s  c i r c u l a r  o r  r e c t a n g u l a r .
W it h  o t h e r  s l a g s  o f  a l t o g e t h e r  d i f f e r e n t  c h a r a c t e r i s t i c s  m a i n l y  w i t h  r e g a r d s  
t o  t h e  r e s p o n s e  o f  t h e i r  v i s c o s i t y  t o  t e m p e r a t u r e  v a r i a t i o n s ,  t h e  g e o m e t r y  
o f  t h e  f u r n a c e  c o u l d  b e  a  r a t h e r  d e c i s i v e  f a c t o r  an d  t h e  r e c t a n g u l a r  s h a p e  
w i t h  i n c r e a s e d  d i s t a n c e  and t i m e  a v a i l a b i l i t y  f o r  m a t t e  s e t t l i n g  w i l l  b e
preferred.
Tho v isc o s ity  of the matto i s  a lso  an Important factor In promoting 
coalescence. Since the v isc o s ity  Is influenced s ig n ifica n tly  by tb pper 
and n ickel content of the matte, even with sim ilar s la g  composition but with 
varying matte grade from plant to plant the coalescence and the e lse  o f the 
matte p r i l l s  may vary to a great extent. Schopov ( ?e) presented the 
of In vestigations on the s ize  d istr ibu tion  of matte p a rtic les  produced in  
sm elting of copper concentrates in e le c tr ic  furnaces. In the case described, 
the percentage of the 50 micron size  p a r tic les  (in c lu sive) v a . comparable to 
that found in the present Investigations, i . e .  about per cent as against
82-85 per cent of the present study as calculated from the number of 
p a r t ic le s ) . The case h istory of the concentrate, or. the other hand, d iffe r s  
in that i t  consisted of roasted sulphide ore. A h i *  temperature ceutr fug . 
was used for the separation of the matte p r i l l ,  from the s-ag  to determine
in Appendix I I .
^  i ^ a i n ^ n L ^ ^  the
iHIP^
The radius of the active  a rea  of the electrode in these u n its , as w ill  be
T WO- OI VE HS I ONAI .  P R E S E N T A T I ON  01 THE RELATIONSHIP BETWEEN 
DISTANCE AVAILABLE TOR SETTLING OF MATTE PARTICLES, TAPHOLE 









Length of e e t t t e r ,  *
50 h.
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s e e n  l a t e r ,  i s  o n  a n  a v e r a g e  2 , ‘j  t o  2 ,0 m  t h u s  t h e  l e n g t h  o f  t h e  q u i e s c e n t  
z o n e  e c u  I d  v a r y  b e t w e e n  2 , 9  and 3 , 0  m. I n  p r a c t i c e ,  h o w e v e r ,  t h i s  may  
i n c r e a s e  c o n s i d e r a b l y ,  t h e r e f o r e  t h e  c a l c u l a t i o n  w i l l  b e  p e r f o r m e d  f o r
s e t t l e r  l e n g t h s  o f  2 ,  3 ,  4  and ‘jm.
A s f o r  a n  e x a m p l e  fro m  f i g u r e  TV-21 a t  a  t a p h o l e  p o s i t i o n  o f  0 , 1 4 m
b e l o w  t h e  s u r f a c e  o f  t h e  m o l t e n  s l a g  b a t h  a b o u t  4*6 '$  o f  t h e  20  m i c r o n ,  1 2 , 5 $  
o f  t h e  30  m i c r o n  and 1 9 $  o f  t h e  4 0  m ic r o n  p r i l l s  w i l l  s e t t l e  o u t .  On t h e  
b a s i s  o f  f i g u r e  I V - 2 5  t h e  w e i g t h  f r a c t i o n  o f  t h e  m e n t i o n e d  s i z e  r a n g e s  i s  
0 , 2 5  , 0 , 3 9  a n d  0 , 5 4  p e r  c e n t  r e s p e c t i v e l y ,  t h e n  a t  a  l e n g t h  L a v a i l a b l e  f o r  
s e t t l i n g  t h e  s e t t l e d  w e i g h t  o f  m a t t e  w i l l  b e  wJJ.L. The r e l a t i o n s h i p  
b e t w e e n  t h e  s e t t l e d  w e i g h t  and  t o t a l  w e i g h t  o f  t h e  p a r t i c u l a r  s i z e  f r a c t i o n
i s  (W8 . L ) / 0 t . From t h e s e  t h e  w e i g h t  o f  m a t t e  l o s t  t o  t h e  s l a g  i n  c a s e  o f  
v M M . s i x
a p a r t i c u l a r  m a t t e  p r i l l  s i z e  i s  t h e n  ) f
W"1 -  w ? * -  (w “ . L) v f  a . /
t h e  t o t a l  m e t a l l i c  l o s e  f o r  t h e  e n t i r e  s i t e  s p e c t r u m  o f  p a r t i c l e s  w i l l
- i 1<w« • L) T
b e  -  d .  d
v:.
d i
’Me(M) 6 2 s ^
m m m
c £•■>./ i t  w i l l  b e  o b v i o u s  t h a t
w h en  Wjjj *  1 , 0 0
^ o l -  2 k  • w ? '  ■ M u / ^  x A i )  6 j  /
m m i K
T able IV-!). Mode o f determination of metal I osboo in  the m atte 
diociiarged with the Blaf.
Condition;;i Position  of taphole below
slag  le v e l ,  h, urc 14
Depth of Blag bo<i,"H, cm 140
)l/h 10
P a r t id e  ? 0  5 0  4 0  5 0  6 0  8 0
Potal weight of
matte yt o t  ^  o ,25 0,50 0,54 0,50 0,55 °t75
M
S e t t le d  m atte
weight w® ^  0,046 0,125 0 , 1 9 0  0,290 0 , 4 1 0  0 , 7 0 0
a t L-l M
D istance L B
a v a i la b le  VM *
for s e t t l in g  ------- —
meter
2
c 0,250 0,615 0,950
1 0,104 0,500 0,760
1 0,150 0,575 0,570
5 0,092 0,250 0,550
8  -  x ..to t(V® .L) V
c 0,057 0,240 0,51
>  E l  S  E&
WM
t o t  > v 81  xO ,1 6 7 i
-  wi0t -  (V;M • Ij) -M ZVM *CMe
fl n ,  0,57 0,10 0,0167
5 0,19 0,15 S '??  0,55 0,14 0,0254
I g  ^  »
Matte gradet 
Cu + N i * 27% "0,27
S e  '  0 , 1 1
-  99  -
th ickness of the m o l t e n  s la g  l a y e r  in t h e  f u r n a c e , t h e n  the free  s e t t l i n g  
leng th i  i . e .  the l e n g t h  of t h e  q u i e s c e n t  zone- and taphole loca tion  below 
the su rface  of the m e l t  were t h e  same as outlined in Table 1V -5*  The graph 
r e l a t e s  to losses  th a t  c a n  be e x p e c t e d  in t h e  s e t t l i n g  zone only from 76-th  
of the  t o t a l  feed a d d e d  to t h e  l a s t  e lec trode .
Considering now along the e n t i re  length of the furnace , which is  
assumed to c o n s is t  of s ix  r e a c to rs ,  each s e t t l in g  compartment sep a ra te ly ,  
when these are  fed a t  the same ra te  with concentrate i t  i s  easy to  show th a t  
provided the s t i r r i n g  e f f e c t  of the e lectrodes and the buoyancy forces 
a c t in g  on the p a r t i c l e s  i s  the same, the s e t t l in g  and carry-over of the matte 
p a r t i c l e s  ( p r i l l s )  w i l l  a lso  be the same in each u n i t .  In balanced opera tion  
the sm elting  r a te  a t  each e lectrode  should be v i r tu a l ly  equal ( th e o re t i c a l ly  
at l e a s t ! )  with the r e s u l t  of equal q u a n ti t ie s  of matte tnd s lag  produced in  
a u n i t  time. "%e m ate r ia l  balance with regard to the matte w i l l  be as 
follows, l e t  w: denote the - l ig h t  of matte overflowing from one compartment 
in to  an o ther  and K the ra^ o o f recyc le , then from rea c to r  I to TII we have
6 4 , /
6 5 , /
66,/
6 7 . /
,= .  TV0 1. - R_„ -W ?1 60- /
I . /  ■ L ’t y l h l  •  VH /I
n . /  v '/n  Zyvn ♦ (Rm - Rn> * vM/n
i n . /  v£/m  - L V i n + (Riv - " in 5 " ' W
Between the U-th re a c to r  and the s e t t l i n g  zone (sz)
N . /  -  I V n 4 <R= t  *  R» )  ‘  W« A
and in  the s e t t l i n g  zone proper
« . /  ■ I w^  -  v  -  w«  -
g e m s
m atte rs ,  oince 0 y t  WS1 69. /
wm/ h " M M
the e f f ic ie n c y  of s e t t l i n g  in th is  zone is
n e f f  .  [ i - ( w “ V w J ) ] - ^  W
Fluur# JV -  TEiriNAl VELOCI (Y 01 MATTE PARTICLES AS A FUNCTION
OF DISTANCE FRO'! 11 IE TOP OF THE MOLTEN SLAG BATH.
Si le  of p r i l l s  : so micron
7
0,2 0,3 0,4 0,50,1
Dietenoo from constant temperature 
face on top of melt m.
Figure IV - 2 6 .  TEKMlMAl. VnOCIlY OF MAUL f'AKTIClCS AS A FIMCTlOh 
OK OISTANCL I IHE CENTHf. 01 THE FUITNACF.
Si*o of pri I Is : T>0 micron
5,00,5
Distance from centre  of furnace






























T a b l e  iV - G .  H a t in v iU  d t ompor a t n r o ,  v l n c o r n  t y  and  no t i l i n g  v e l o c i t y
g r a d i e n t  o f  m at tv p r i l l n  ( lJ ) mi c r o n  s i z e )  i n  v e r t i c a l  
d i r e c t i o n  between th e  t o p  o f  t n o  m o l t e n  s la p ,  b a t h  a nd  
t h e  r . l a g - m a t t c  i n t c r f a c e .
D e p t h  T e m p e r a t u r e  A v e r a g e  S e t t l i n g
v i n c o s i t y  o f  v e l o c i t y  o f  
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